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Summary
This thesis presents the investigation into the potential of improving the performance 
of Diesel engine through changes in the engine thermal management with the 
flexibility of integrating the changes from the engine control strategy. Analysis into 
previous studies in related area has identified low coolant inlet temperature, split 
cooling system and control of lubricant oil temperature as the features which held 
such potential. These features are further studied by implementing them on a mass 
produced Diesel engine in an experimental investigation. Although the engine 
response on fuel consumption and NOx output for most of the test conditions follow 
established trends with regard operating temperature, where higher operating 
temperatures increase NOx output but lowers fuel consumption, there are few unusual 
responses which can only be accounted by minor change in combustion 
characteristics. To evaluate the effect of these features, the resulting engine responses 
from various thermal conditions is compared against those of conventional engine 
control parameters. It is found that changing the thermal settings can lower the engine 
fuel consumption much more effectively than changing the settings of engine control 
parameter but the situation is reversed in the case of NOx output. Further, net 
improvement offered by the thermal variation is established by integrating the effect 
of the thermal variation within the flexibility in the fuel injection timing to produce 
optimised solutions. The optimised solutions indicate that there is a specific set of 
optimum operating temperature for the cylinder head and engine block every engine 
speed and load condition. The trend of the required average metal temperature 
required for optimum engine performance indicate the need for an active controlled 
engine cooling system in Diesel engine for enhanced performance.
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Abbreviations
AFR Air fuel ratio
BMEP Brake mean effective pressure
BSCO Brake specific carbon monoxide
BSC02 Brake specific carbon dioxide
BSFC Brake specific fuel consumption
BSNOx Brake specific nitrous oxides
BS02 Brake specific oxygen
BSuHC Brake specific unbumed hydrocarbon
CAN Control area network
CCTC Controlled component temperature cooling
CFD Computational fluid dynamics
CHF Critical heat flux
CO Carbon monoxide
C 02 Carbon dioxide
CVT Continuously variable transmission
DI Direct injection
ECE Urban part of the NEDC
ECU Engine control unit
EGR Exhaust gas recirculation
EURO European standard drive cycle test
EVB Exhaust valve bridge
FEAD Front end auxiliary drive
FTP75 Federal test procedure (Standard drive cycle test in US)
HWFET Highway fuel economy test
IC Internal combustion
IEVB Inlet exhaust valve bridge
IMEP Indicated mean effective pressure
KAOWOOL A type of ceramic fibre
MAF Mass air flow rate
MAP Manifold air pressure
MVEG The old version of the European drive cycle test
NEDC New European drive cycle
NOx Oxides of nitrogen (NO & N 0 2)
o2 Oxygen
OFI Onset of flow instability
PID Proportional integral derivative
PM Particulate matter
PSZ Partially stabilised zirconia
SCR Selective catalytic reaction
SI Spark ignition
uHC Unbumed hydrocarbon
VGT Variable geometry turbocharger
WOT Wide open throttle
Nomenclature
Cd Drag coefficient of a vehicle
A Effective cross sectional area of a vehicle
p Density of air
v Relative velocity between the ambient air and the vehicle
Table of Content




1.2 Obj ective of the proj ec t....................................................................................... 3
1.3 Layout of thesis....................................................................................................3
2 Background and literature review..............................................................................5
2.1 Introduction..........................................................................................................5
2.2 Background...........................................................................................................5
2.2.1 Diesel engine basics...................................................................................... 5
2.2.2 Conventional engine cooling system -  its function and design in engine 
thermal management......................................................................................6
2.2.3 Modem Diesel engines in practice............................................................... 9
2.2.4 The engine cooling system of modem Diesel engine............................... 11
2.3 Review of investigations into engine cooling system..................................... 14
2.3.1 Physical elements and hardware technologies...........................................14
2.3.1.1 Component technology.......................................................................15
2.3.1.1.1 Electrical modules -  electrical coolant pump and flow valve... 15
2.3.1.1.2 Nanofluid.......................................................................................16
2.3.1.2 Engine coolant circulation system design and configuration........... 17
2.3.1.2.1 Split cooling systems....................................................................17
2.3.1.2.2 Reverse cooling systems............................................................... 19
2.3.1.2.3 Precision cooling system...............................................................20
2.3.1.3 System features....................................................................................22
2.3.1.3.1 Insulated engine............................................................................ 22
2.3.1.3.2 Cooling jets and cross drilling..................................................... 23
2.3.2 Operating strategy for the engine cooling system..................................... 24
2.3.2.1 Temperature set point control............................................................24
2.3.2.1.1 High temperature set point...........................................................25
2.3.2.1.2 Low temperature set point...........................................................28
2.3.2.2 Low heat loss or adiabatic engine...................................................... 29
2.3.2.3 Optimum coolant pumping requirement............................................32
2.3.2.4 Optimised radiator heat transfer....................  33
2.3.2.5 Nucleate boiling and evaporative systems.........................................34
2.4 Concluding remarks........................................................................................... 37
3 Understanding the effect of engine thermal management for the identification of 
the area of investigation...........................................................................................51
3.1 Appreciation of the proj ect obj ective............................................................... 51
3.2 Relating the performance of the Diesel engine and the engine cooling system 
52
3.2.1 The efficiency of the engine cooling system..............................................52
3.2.2 The effect of engine cooling on engine operation and the combustion 
process.......................................................................................................... 56
3.3 Weighing the potential of the engine thermal management factors................ 58
3.3.1 Improving the efficiency of the cooling system........................................ 58
3.3.2 Reducing the frictional losses.................................................................... 59
3.3.3 Lowered operating temperatures................................................................ 60
3.4 Selection of engine thermal management factors for investigation................60
3.5 Selection of investigation methodology........................................................... 61
3.6 Consideration of the experimental investigation..............................................62
3.7 Additional considerations for the experimental investigation.........................63
3.7.1 Observation of the metal temperature of the engine................................. 63




4.2 Specifics of the experiment studies...................................   68
4.2.1 The test approach and the design of experiment........................................68
4.2.2 Implementing the selected engine thermal management features.............69
4.2.3 The key measured parameters.....................................................................70
4.3 The experimental setup...................................................................................... 71
4.3.1 Test engine and modifications....................................................................71
4.3.1.1 Specifications of the base engine........................................................71
4.3.1.2 The engine cooling system of the base engine...................................71
4.3.1.3 Modification to achieve split cooling arrangement in the engine....73
4.3.1.4 Measurement of metal temperature................................................... 76
4.3.1.5 Measurement of lubricant oil temperature.........................................78
4.3.1.6 The modification and instrumentation of the engine cooling circuit
for experimental study....................................................................... 78
4.3.1.7 Additional engine instrumentation..................................................... 80
4.3.1.8 The control parameter of the thermal management factors..............81
4.3.1.9 The control of the engine cooling system upon engine start............82
4.3.1.10 Setup for safe operation...................................................................... 82
4.3.2 The test cell setup.........................................................................................83
4.3.2.1 The engine test cell and engine setup................................................ 83
4.3.2.1.1 Measurement of engine fuel consumption.................................. 84
4.3.2.1.2 Measurement of exhaust emissions............................................ 85
4.3.2.1.3 Observation of other operating parameters  .....................86
4.3.2.2 The engine test cell controls...............................................................86
4.4 Selection of the steady state modal test points................................................. 87
4.5 Reference conditions -  defining the reference point........................................88
4.6 Test conditions.................................................................................................... 90
4.7 Stability criteria.................................................................................................91
4.8 Deriving the secondary variables from logged input data..............................92
4.8.1 Brake specific fuel consumption, BSFC (g/kWhr).................................... 93
4.8.2 Brake specific emissions output, (g/kWhr).................................................93
4.8.2.1 Brake specific NOx output, BSNOx (g/kWhr).................................94
4.8.2.2 Brake specific CO, BSCO (g/kWhr)..................................................96
4.8.2.3 Brake specific uHC, BSuHC (g/kWhr)............................................. 96
4.8.2.4 Brake specific CO2 , BSCO2 (g/kWhr).............................................. 96
4.8.2.5 Brake specific O2 , BS02 (g/kWhr)....................................................97
4.8.3 Brake specific mass air flow rate, BSMAF (kg/kWhr)..............................97
4.8.4 Metal temperatures.......................................................................................97
4.8.4.1 Cylinder head metal temperature (°C)............................................... 98
4.8.4.2 Engine block metal temperature (°C )................................................ 98
4.8.4.3 Engine metal temperature (°C)...........................................................98
4.9 Summary..............................................................................................................99
5 Experimental results and analysis 1 -  Low operating temperature and split
cooling....................................................................................................................I l l
5.1 Introduction......................................................................................................I l l
5.2 Defining the base thermal conditions............................................................. I l l
5.3 Experimental errors......................................................................................... 112
5.4 The effect of lower operating temperature.....................................................113
5.5 The effect of variable cooling on each section of the engine with the split
cooling system.................................................................................................126
5.5.1 The effect of variable coolant flow rate through the cylinder head........ 127
5.5.2 The effect of variable coolant flow rate through the engine block......... 129
5.5.3 The effect of simultaneous change in the coolant flow rate through the
cylinder head and engine block.................................................................130
5.5.4 The change in lubricant oil temperature with the variance in the coolant 
flow rate through each section of the engine............................................131
5.5.5 Concluding the effect of the split cooling................................................132
5.6 Concluding remarks - summary..................................................................... 133
6 Experimental results and analysis 2 -  Combined low operating temperature and 
split cooling, and controlled lube oil cooling...................................................... 148
6.1 Introduction......................................................................................................148
6.2 The combined effect of lower operating temperature and variable cooling in
each section of the engine............................................................................... 148
6.3 Spatial metal temperature of the engine structure......................................... 150
6.4 Relating engine outputs to metal temperature................................................150
6.5 The effect of variable oil cooling................................................................... 153
6.5.1 The effect of variable coolant flow rate through the oil cooler at baseline 
conditions.................................................................................................... 154
6.5.2 The effect of lower coolant flow rate through the oil cooler with variable 
coolant flow and temperature settings through the engine......................156
6.5.3 Summary of the effect of oil cooling....................................................... 158
6.6 Experimental issues......................................................................................... 159
6.6.1 Consistency of the test result.................................................................... 159
6.6.2 Small range of test conditions.................................................................. 160
6.6.3 Practical limits........................................................................................... 161
6.7 Concluding remarks......................................................................................... 161
7 Evaluating the improvement offered by thermal management............................178
7.1 Introduction......................................................................................................178
7.2 The concept of cost benefit comparison and the BSNOx vs. BSFC trade-off
ratio...................................................................................................................179
7.3 The effects of conventional engine control parameters and the benchmarking
trade-off ratio................................................................................................... 181
7.4 Selection of appropriate benchmark condition...............................................184
7.5 Comparing the cost benefit ratio of the thermal variations...........................185
7.5.1 2000rpm and 38.4Nm................................................................................186
7.5.2 2500rpm and 38.4Nm................................................................................187
7.5.3 2000rpm and 76.8Nm................................................................................188
7.5.4 2500rpm and 76.8Nm................................................................................189
7.5.5 2000rpm and 153.6Nm..............................................................................189
7.5.6 2500rpm and 153.6Nm..............................................................................190
7.6 Concluding remarks - Summary..................................................................... 191
8 Optimising the engine performance with the enhancement offered by thermal
controls................................................................................................................... 201
8.1 Introduction..................................................................................................... 201
8.2 Optimisation and its application to enhance engine performance................201
8.3 The optimisation approach............................................................................. 202
8.4 The effect of changes in fuel injection timing on the thermal variation 205
8.4.1 2000rpm and 38.4Nm................................................................................ 207
8.4.2 2500rpm and 38.4Nm................................................................................ 208
8.4.3 2000rpm and 76.8Nm................................................................................ 210
8.4.4 2500rpm and 76.8Nm...............         212
8.4.5 2000rpm and 153.6Nm.............................................................................. 213
8.4.6 2500rpm and 153.6Nm.............................................................................. 214
8.4.7 Concluding the effect of the fuel injection timing changes to the thermal 
variations.....................................................................................................216
8.5 Selection of the optimum operating settings for the engine......................... 218
8.6 Summary...........................................................................................................225
9 Conclusion and future work...................................................................................231
9.1 Conclusion....................................................................................................... 231




Figure 2.1 Figure showing the arrangement of the elements in a basic engine cooling
system [www.centuryperformance/cooling.asp, 15-10-2007].................. 38
Figure 2.2 Arrangement of the elements in the engine cooling system of a modem
Diesel engine............................................................................................................ 39
Figure 2.3 Heat flux against surface temperature for different coolant flow speed with 
the coolant comprising of 50/50 ethylene glycol/water mixture [Finlay, 1985].. 39
Figure 2.4 Layout of a split cooling system [Kobayashi, 1984]...................................40
Figure 2.5 Alternate layout design of a split cooling system [Okada, 1995]............... 40
Figure 2.6 The resulting operating temperatures with the variation of control valve
across engine speed [Okada, 1995]........................................................................ 41
Figure 2.7 Vertical position of the inlet and outlet point for the coolant in a reverse
cooling system [Kulkami, 1992].............................................................................41
Figure 2.8 Cooling system layout and vapour bleed vents in a reverse cooling system
[Kulkami, 1992].......................................................................................................42
Figure 2.9 Heat flux with metal surface temperature with increasing coolant flow
velocity [Finlay, 1985]............................................................................................ 42
Figure 2.10 Coolant gallery design to enhance coolant flow speed in vulnerable
regions in the cylinder head [Clough, 1993]..........................................................43
Figure 2.11 The integration of the bypass rail in the engine block to enhance the effect
of precision cooling [Clough, 1993]...................................................................... 43
Figure 2.12 Comparison of engine warm up time with standard and precision cooling
system [Clough, 1993]............................................................................................ 44
Figure 2.13 Insulated configurations evaluated to reduce cooling losses [Suziki, 1986]
................................................................................................................................... 44
Figure 2.14 Energy distribution with different insulated configurations [Suziki, 1986]
................................................................................................................................... 45
Figure 2.15 The properties of the in-cylinder charge during combustion [Suziki, 1986]
......................................  45
Figure 2.16 The transverse drillings cast into the coolant gallery to create streams of
cooling jets [Finlay, 1988]...................................................................................... 46
Figure 2.17 Drillings to induce cooling jet stream for thermally critical areas
[Vagenas, 2004].......................................................................................................46
Figure 2.18 Additional drillings to induce cooling jet streams for thermally critical
areas [Vagenas, 2004]............................................................................................. 47
Figure 2.19 The cooling circuit developed for the cooling jets system [Vagenas, 2004]
................................................................................................................................... 47
Figure 2.20 The improvement in fuel consumption by raising the operating
temperature [Couetouse, 1992]...............................................................................48
Figure 2.21 Change in emissions output with higher operating temperature set point
[Ap, 1999]................................................................................................................ 48
Figure 2.22 Comparison of metal temperature in the standard cooling system and an 
advance cooling system with high temperature set point in the FTP75 drive cycle
test [Chanfreau, 2001]............................................................................................. 49
Figure 2.23 Rotary valve positions for various mode of operation [Krause, 1996] ....50 
Figure 3.1 Coolant and lube oil temperature in the 1st and 4th ECE cycle in a NEDC
drive cycle................................................................................................................ 66
Figure 3.2 Specific NOx and ECU fuel demand in the 1st and 4th ECE cycle in a
NEDC drive cycle....................................................................................................66
Figure 3.3 Comparison of cumulative fuel consumption in the 1st and 4 ECE drive
cycle......................................................................................................................... 67
Figure 3.4 Comparison of cumulative NOx output in the 1st and 4th ECE drive cycle67
Figure 4.1 Schematic of the engine cooling circuit of the base engine......................100
Figure 4.2 Coolant flow path in the cylinder head of base engine............................. 100
Figure 4.3 Coolant flow path in the engine block of base engine............................... 100
Figure 4.4 Inserted hypodermic tube for the EVB coolant feed along with the 
thermocouple measuring the EVB temperature on the exhaust side of the
cylinder head.......................................................................................................... 101
Figure 4.5 The position of the EVB feed relative to the exhaust manifold ............ =.101
Figure 4.6 The main coolant feed to the cylinder head at the back end of the engine
 102
Figure 4.7 Coolant flow stream in the modified cylinder head.................................. 102
Figure 4.8 Coolant flow stream in the modified engine block................................... 103
Figure 4.9 Coolant inlet feed into the engine block (partially obscured by the exhaust
manifold)................................................................................................................ 103
Figure 4.10 The EVB and engine block feed relative to the exhaust manifold......... 104
Figure 4.11 Plan view of thermocouple position in the cylinder head.......................104
Figure 4.12 Cross sectional view of thermocouple position in cylinder head........... 105
Figure 4.13 Plan view of thermocouple position in the engine block relative to the
cylinder bore.......................................................................................................... 105
Figure 4.14 Thermocouple location along the cylinder bore in the engine block..... 106
Figure 4.15 Cylinder head coolant pump driven by electric motor............................ 106
Figure 4.16 Layout of the modified engine cooling circuit with instrumentation, F =
flowmeter, T = thermocouple, V = valve............................................................. 107
Figure 4.17 The installed modified engine cooling circuit in the engine test cell..... 107
Figure 4.18 Thermocouple position for measurement of gas temperature.................108
Figure 4.19 Setup of the engine the engine test cell.................................................... 108
Figure 4.20 Schematic of the dynamometer hydraulic circuit (Brace, 1996)............ 109
Figure 4.21 Interface of the CADET vl2 system for test cell control........................109
Figure 4.22 Approximate driving conditions reflected by the selected steady state test
point........................................................................................................................110
Figure 5.1 Average cylinder head temperature against coolant flow rate through the
cylinder head for the each modal point.................................................................136
Figure 5.2 Percentage change in the BSFC against coolant flow rate through the
cylinder head for each modal point.......................................................................136
Figure 5.3 Percentage change in the BSNOx output against coolant flow rate through
the cylinder head for each modal point.................................................................137
Figure 5.4 Percentage change in inlet manifold pressure against coolant flow rate
through the cylinder head for each modal point..................................................137
Figure 5.5 Percentage change in the mass air flow rate against coolant flow rate
through the cylinder head for each modal point..................................................138
Figure 5.6 Percentage change in the BSCO output against coolant flow rate through
the cylinder head for each modal point.................................................................138
Figure 5.7 Percentage change in the BSuHC output against coolant flow rate through
the cylinder head for each modal point.................................................................139
Figure 5.8 Average engine block temperature against coolant flow rate through the
engine block for the each modal point..................................................................139
Figure 5.9 Percentage change in the BSFC against coolant flow rate through the
engine block for the each modal point..................................................................140
Figure 5.10 Percentage change in the BSNOx output against coolant flow rate through
the engine block for the each modal point........................................................... 140
Figure 5.11 Percentage change in the inlet manifold pressure against coolant flow rate
through the engine block for the each modal point..............................................141
Figure 5.12 Percentage change in the mass air flow rate against coolant flow rate
through the engine block for the each modal point..............................................141
Figure 5.13 Percentage change in the BSCO output against coolant flow rate through
the engine block for the each modal point........................................................... 142
Figure 5.14 Percentage change in the BSuHC output against coolant flow rate through
the engine block for the each modal point...................................   142
Figure 5.15 Average engine metal temperature against coolant flow rate through the
engine for the each modal point............................................................................ 143
Figure 5.16 Percentage change in the BSFC against coolant flow rate through the
engine for the each modal point............................................................................ 143
Figure 5.17 Percentage change in the BSNOx output against coolant flow rate through
the engine for the each modal point......................................................................144
Figure 5.18 Percentage change in the manifold inlet pressure against coolant flow rate
through the engine for the each modal point....................................................... 144
Figure 5.19 Percentage change in the mass air flow rate against coolant flow rate
through the engine for the each modal point....................................................... 145
Figure 5.20 Percentage change in the BSCO output against coolant flow rate through
the engine for the each modal point......................................................................145
Figure 5.21 Percentage change in the BSuHC output against coolant flow rate
through the engine for the each modal point....................................................... 146
Figure 5.22 Change in lubricant oil temperature relative to the baseline condition
against coolant flow rate through the cylinder head for each modal test point. 146 
Figure 5.23 Change in lubricant oil temperature relative to the baseline condition
against coolant flow rate through the engine block for each modal test point ..147 
Figure 5.24 Change in lubricant oil temperature relative to the baseline condition
against coolant flow rate through the engine for each modal test point.............147
Figure 6.1 Average metal temperature of the engine with different coolant flow
settings and temperatures through the engine for each modal test point............163
Figure 6.2 Change in the BSFC with different coolant flow settings and temperatures
through the engine for each modal test point....................................................... 163
Figure 6.3 Change in the BSNOx output with different coolant flow settings and
temperatures through the engine for each modal test point................................ 164
Figure 6.4 Change in the BSCO output with different coolant flow settings and
temperatures through the engine for each modal test point................................ 164
Figure 6.5 Change in the BSuHC output with different coolant flow settings and
temperatures through the engine for each modal test point................................ 165
Figure 6.6 Local cylinder head metal temperature for different coolant flow rate
through the cylinder head at 2000rpm and 153.6Nm..........................................165
Figure 6.7 Local engine block metal temperature for different coolant flow rate
through the engine block at 2000rpm and 153.6Nm............................................166
Figure 6.8 Thermocouple location in the cylinder head..............................................166
Figure 6.9 Thermocouple location in the engine block...............................................167
Figure 6.10 Interpolated surface response plot for the BSFC against cylinder head and
engine block metal temperature for various modal test points........................... 168
Figure 6.11 Interpolated surface response plot for the BSNOx output against cylinder 
head and engine block metal temperature for various modal test points........... 169
Figure 6.12 Interpolated surface response plot for the BSCO output against cylinder
head and engine block metal temperature for various modal test points...........170
Figure 6.13 Interpolated surface response plot for the BSuHC output against cylinder
head and engine block metal temperature for various modal test points.......... 171
Figure 6.14 Lubricant oil temperature against the coolant flow rate through the oil
cooler for various modal point with different coolant inlet temperature.......... 172
Figure 6.15 Change in the BSFC against the coolant flow rate through the oil cooler
for various modal point with different coolant inlet temperature......................172
Figure 6.16 Change in the BSNOx output against the coolant flow rate through the oil
cooler for various modal point with different coolant inlet temperature.......... 173
Figure 6.17 Change in the manifold inlet pressure against the coolant flow rate 
through the oil cooler for various modal point with different coolant inlet
temperature............................... ............. ................. ............................................173
Figure 6.18 Change in the mass air flow rate against the coolant flow rate through the
oil cooler for various modal point with different coolant inlet temperature..... 174
Figure 6.19 Comparison of BSFC with variation of coolant flow through the different 
sections in engine at different coolant inlet temperature with base and low
coolant flow through the oil cooler, at 2500rpm and 38.4Nm........................... 174
Figure 6.20 Comparison of BSFC with variation of coolant flow through the different 
sections in engine at different coolant inlet temperature with base and low
coolant flow through the oil cooler, at 2000rpm and 76.8Nm........................... 175
Figure 6.21 Comparison of BSFC with variation of coolant flow at 50°C through the 
different sections in engine with base and low coolant flow through the oil
cooler, at 2500rpm and 76.8Nm.......................................................................... 175
Figure 6.22 Comparison of BSNOx with variation of coolant flow through the
different sections in engine at different coolant inlet temperature with base and
low coolant flow through the oil cooler, at 2500rpm and 38.4Nm....................176
Figure 6.23 Comparison of BSNOx with variation of coolant flow through the
different sections in engine at different coolant inlet temperature with base and
low coolant flow through the oil cooler, at 2000rpm and 76.8Nm....................176
Figure 6.24 Comparison of BSNOx with variation of coolant flow at 50°C through the 
different sections in engine with base and low coolant flow through the oil
cooler, at 2500rpm and 76.8Nm.......................................................................... 177
Figure 7.1 Graphical representation of the evaluation of trade-off ratio in the case of
reduced NOx......................................................................................................... 193
Figure 7.2 Graphical representation of the evaluation of trade-off ratio in the case of
reduced BSFC....................................................................................................... 193
Figure 7.3 Graphical representation of the effect of the increasing benchmarking
trade-off ratio........................................................................................................ 194
Figure 7.4 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2000rpm and 38.4Nm.......................195
Figure 7.5 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2500rpm and 38.4Nm.......................196
Figure 7.6 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2000rpm and 76.8Nm.......................197
Figure 7.7 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2500rpm and 76.8Nm.......................198
Figure 7.8 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2000rpm and 153.6Nm.....................199
Figure 7.9 Change in the BSFC against change in the BSNOx output for various
coolant flow and temperature settings at 2500rpm and 153.6Nm......................200
Figure 8.1 The principle of superposition applied to engine optimisation - The effect 
of two changes in fuel injection timing from nominal settings are indicated by 
the red arrows. This is combined by superposition with the effect due to a range 
of thermal variations (black dots). The combined effect of thermal and timing
variations is shown by the dotted blue arrows..................................................... 227
Figure 8.2 The net effect of the combined change in settings when the trade-off ratio 
with the change in the settings of engine control parameter is lower than the 
trade-off ratio of the thermal condition for conditions where BSFC is increased
and NOx is reduced................................................................................................227
Figure 8.3 The net effect of the combined change in settings when the trade-off ratio 
with the change in the settings of engine control parameter is higher than the 
trade-off ratio of the thermal condition for conditions where BSFC is increased
and NOx is reduced................................................................................................228
Figure 8.4 The net effect of the combined change in settings when the trade-off ratio 
with the change in the settings of engine control parameter is higher than the 
trade-off ratio of the thermal condition for conditions where NOx is increased
and SFC is reduced................................................................................................ 228
Figure 8.5 The net effect of the combined change in settings when the trade-off ratio 
with the change in the settings of engine control parameter is lower than the 
trade-off ratio of the thermal condition for conditions where NOx is increased
and SFC is reduced................................................................................................ 229
Figure 8.6 The effect of optimised changes in fuel injection timing applied to the 
thermal variations -  red points are unmodified as they are already considered 
optimum. Blue points are adjusted such that the deficit in one output is 
minimised, leaving a net gain in the other output. Green points may be adjusted 
in either direction to alter the final compromise between BSNOx and BSFC. .229 
Figure 8.7 The required operating metal temperature with increasing engine load for 
optimal and compromised settings........................................................................230
List of Tables
Table 2.1: Legislated limits on specific emissions output in the current and future
European Drive Cycle Test..................................................................................... 11
Table 4.1 The engine speeds and loads used to define the modal test points.............. 88
Table 4.2 Tabulated value of the reference metal temperatures................................... 89
Table 5.1 The coolant flow rate and resulting metal temperature of each section of the
engine......................................................................................................................112
Table 5.2 Mean error of the observed engine outputs of each modal test point 113
Table 5.3 Average metal temperature and the resulting change in the temperature with
different coolant inlet temperature for each modal test point............................. 114
Table 5.4 Lubricating oil temperature and the resulting change in the temperature with
different coolant inlet temperature for each modal test point............................. 115
Table 5.5 Brake specific mass air flow rate and the resulting percentage change with
different coolant inlet temperature for each modal test point............................. 116
Table 5.6 Inlet manifold pressure and the resulting percentage change with different
coolant inlet temperature for each modal test point.............................................117
Table 5.7 Specific fuel consumption and the resulting percentage change with
different coolant inlet temperature for each modal test point............................. 118
Table 5.8 BSNOx output and the resulting percentage change with different coolant
inlet temperature for each modal test point.......................................................... 119
Table 5.9 Brake specific O2 output and the resulting percentage change with different
coolant inlet temperature for each modal test point.............................................120
Table 5.10 Brake specific CO2 output and the resulting percentage change with
different coolant inlet temperature for each modal test point............................. 120
Table 5.11 Volumetric O2 output with different coolant inlet temperature for each
modal test point...................................................................................................... 121
Table 5.12 Volumetric CO2 output with different coolant inlet temperature for each
modal test point...................................................................................................... 122
Table 5.13 Engine outputs with changes in the EGR valve opening.......................... 123
Table 5.14 BSCO output and the resulting percentage change with different coolant
inlet temperature for each modal test point.......................................................... 124
Table 5.15 BSuHC output and the resulting percentage change with different coolant
inlet temperature for each modal test point.......................................................... 125
Table 5.16 Pre-catalyst exhaust temperature of each modal test point with different
coolant inlet temperature........................................................................................126
Table 7.1 Change in the BSNOx output and BSFC, and the resulting trade-off ratio
with the change in ECU setting............................................................................. 182
Table 8.1 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and
38.4Nm................................................................................................................... 208
Table 8.2 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2500rpm and
38.4Nm................................................................................................................... 210
Table 8.3 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and
76.8Nm................................................................................................................... 211
Table 8.4 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2500rpm and 
76.8Nm................................................................................................................... 212
Table 8.5 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and
153.6Nm................................................................................................................. 214
Table 8.6 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2500rpm and
153.6Nm................................................................................................................. 215
Table 8.7 The thermal settings, average metal temperature and percentage reduction 
in BSFC and BSNOx of the optimal thermal operating settings at each modal
point........................................................................................................................223
Table 8.8 The thermal settings, average metal temperature and percentage reduction 




The increasing use of motorised transportation has led to the depletion of energy 
resources and declining state of the environment. As the number of automobiles on 
the road rises, the effects of their use are becoming more noticeable as the days goes 
by. The large fleet of automobiles consumes a significant amount of the dwindling 
reservoir of energy resources available. At the same time, they emit large amount of 
greenhouse gases which degrades the quality of the environment with a fraction of 
these being harmful to human health. In Europe at least, the consumers’ choice of 
using vehicles equipped with a Diesel engine has helped to reduce the effect of using 
automobiles in vast quantities.
The use of the Diesel engine is much more favourable than spark ignition (SI) engine 
because it has a much higher thermal efficiency than the latter. However, the Diesel 
engine does generally emit a higher proportion of noxious emissions in the exhaust 
gas although it produces less carbon dioxide gas as a direct consequent of being more 
efficient than SI engine. The noxious emissions of the Diesel engine include nitrous 
oxides (NOx), unbumed hydrocarbon (uHC), carbon monoxide (CO) and particulate 
matter (PM). As these emissions are harmful to human health when inhaled in 
significant quantities, the use of a large number of Diesel engine powered 
automobiles in highly populated urban area is highly unfavourable.
In practice, the primary problem associated with the use of Diesel engines is the high 
level of NOx emissions associated with its high fuel efficiency. The complication 
with NOx emissions is that it is difficult to treat or neutralize, unlike other emissions. 
Due to the toxicity of NOx emissions, restrictions has been put in place to limit the 
emissions of NOx from Diesel engine in the form of legislated drive cycle tests such 
as the New European Drive Cycle (NEDC) test. Although the technologies for 
reducing the NOx output of the Diesel engines are available and widely used, the used 
of these technologies such as Exhaust Gas Recirculation (EGR), lowers the fuel 
efficiency of the Diesel engine. As the legislated limit on the permitted NOx output is 
revised downward every few years, the high efficiency of the Diesel engine is traded
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off to lower the NOx output, thus defeating the purpose of using the Diesel engine in 
the first place.
The challenge of lowering the NOx output while keeping the fuel efficiency of the 
Diesel engine high is made tougher with the requirement of cold engine start in 
legislated drive cycle tests. Under such condition, the fuel efficiency of the Diesel 
engine is reduced significantly and the exhaust emissions are much higher. The 
sluggish engine performance during cold start can be attributed to the high frictional 
losses due to the high viscosity of the lube oil at low temperatures. Thus, the 
performance of the engine would improve significantly if the engine were to warm up 
rapidly to its optimum operating temperature. The speed of the thermal transition of 
the engine from a low temperature state to its optimal operating temperature range 
depends on the thermal management of the engine. The engine cooling system 
performs the function of the thermal management of the engine or the control of the 
thermal state of the engine and its subsystem.
In a conventional engine cooling system, the primary function of the system is to 
maintain the temperature of the engine within its operating range at all times. Its 
simplistic design and the self regulatory nature of the thermostat in the system make it 
very reliable. However, the simple and passive nature of the conventional engine 
cooling system does not contribute much to improve the engine warm up rate in the 
cold start test required in legislated drive cycle test. In most modem engines, 
additional engine thermal management feature exist in the form of engine control 
strategy inside the engine control unit (ECU) where some adjustment is made to the 
settings of the engine operating parameters to compensate for the low engine 
temperature. The adjustment made typically result in faster engine warm up by 
increasing the amount of fuel burned.
By increasing the amount of fuel burned when the engine is cold, both the engine fuel 
economy and the emissions output is made worst during this period even if 
improvements is achieved in the later part of the journey. However, with various 
reports citing that most journeys made are short journeys, where one of them stated 
that more than 90% of the journeys are less than 5 miles, such strategy is 
disadvantageous. With such short journeys, the engine would not be fully warmed up
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by end of the journey and the excess fuel used to improve warm up does not produce 
the desired outcome. This highlights the drawback of such indirect approach of engine 
thermal management.
The improvement of the engine thermal management should begin from the engine 
cooling system itself as the increase amount of heat generated from the additional fuel 
burned to improved engine warm up could have been loss to the ambient in a poorly 
designed engine cooling system. As the design of the engine cooling system remains 
nearly unchanged for years since engine cooling was first used decades ago, 
refinement of the engine cooling system have much potential to improve engine 
performance. While there are a number of studies on the SI engine which proves that 
improvement of the engine thermal management through the refinement on the engine 
cooling system can improve the fuel efficiency and emissions, there is a significant 
gap in the knowledge base on the effect of similar changes to the performance of the 
Diesel engine. This remains as one of the obstacle to widespread implementation of 
more advance engine thermal management system which would benefit the 
performance of Diesel engine.
1.2 Objective of the project
The objective of the study presented in this thesis is to demonstrate the potential of 
improving the fuel efficiency and emissions output of light duty Diesel engine 
through improvements in the engine thermal management that are enabled by 
advances in the engine cooling system. Improvement in Diesel engine performance is 
sought not only from the effect of the refined engine thermal management but also 
from the synergies given the flexibility within the engine control strategy to optimise 
Diesel engine outputs.
1.3 Layout of thesis
The content of this thesis is as follows;
Chapter 1 The fundamental issues related to performance of Diesel engine and the 
engine cooling system is introduced in this chapter, leading to the 
underlying aims of this study.
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Chapter 2 Fundamental knowledge on Diesel engines and the engine cooling system 
is presented in this chapter, followed by an extensive literature survey on 
studies related to the engine cooling system and performance of Diesel 
engine
Chapter 3 This chapter presents the analysis of the factors in which the engine 
cooling system contributes to the improvements in the engine 
performance and using this analysis to identify thermal management 
features that are of interest.
Chapter 4 This chapter presents the details of setup made for the experimental 
investigation designed to study the selected thermal management features.
Chapter 5 Part of the experimental test results are presented in this chapter along 
with some minor analysis.
Chapter 6 The remainder of the test results are presented in this chapter.
Chapter 7 This chapter presents the evaluation of the thermal variations by 
comparing their effects to those of conventional engine control 
parameters.
Chapter 8 This chapter presents the evaluation of the thermal variation by gauging 
their optimised outputs and, the selection of the optimal thermal settings.
Chapter 9 The chapter concludes findings of the study along with potential routes for 
future studies.
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2 Background and literature review
2.1 Introduction
This chapter provides some background knowledge on Diesel engines and the engine 
cooling system, with relation to current practice and requirements. This is followed by 
an extensive literature review on previous studies related to the engine cooling system 
and the performance of Diesel engines.
2.2 Background
The fundamental knowledge and the current practise of Diesel engines and the engine 
cooling system are presented in the following sub-sections. For a more detailed 
description the reader is directed to Stone (1999), Challen et al (2001) and Heywood 
(1988), from which the following discussion draws extensively.
2.2.1 Diesel engine basics
The Diesel engine is a compression ignition engine that runs on diesel fuel and it is 
one of the two most common types of internal combustion (IC) engine. The 
fundamental of compression ignition is the auto ignition of fuel injected into a highly 
compressed charge. This operating principle of the Diesel engine allows it to have a 
much higher compression ratio in the region of 18:1 compared to around 9:1 in spark 
ignition (SI) engines, the other most common type of IC engine. With the higher 
compression ratio, the peak local combustion temperature and pressure in the Diesel 
engine are much higher than SI engine. While this makes it much more efficient in 
producing work output, it also produces more noxious exhaust gas.
The noxious emissions that are of concern are nitrous oxides (NOx), particulate 
matter (PM), carbon monoxide (CO) and unbumed hydrocarbon (uHC). The origin of 
these noxious emissions is from the manner in which combustion takes place in a 
Diesel engine. In the Diesel engine, the fuel is only injected into the combustion 
chamber moments before combustion begins, making the air fuel mixture 
heterogeneous rather than homogeneous throughout. The combustion of the 
heterogeneous charge gives rise to products of incomplete combustion such as CO
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and uHC even though the combustion of Diesel engine is lean in nature. Excess air is 
available for combustion as the air fuel ratio (AFR) of Diesel engines can be as high 
as 60:1 in idle conditions compared to 14.7:1 stoichiometric mixture used in SI 
engines.
The formation of NOx in Diesel engines is mostly attributed to the elevated peak local 
combustion temperature in excess of 2500K in the slightly lean region in the 
combusting charge during the first 20° crank angle of combustion (Lida et al, 1989 & 
Ramos, 1989). There are various sources of particulates (PM) emission in the exhaust 
gas of Diesel engine which include agglomeration of incompletely burned heavy or 
long chain hydrocarbons in the Diesel fuel and vaporised lubricant oil fumes from the 
combustion chamber wall and piston ring pack. Similar to NOx emissions, 
particulates emissions are also dependent on the combustion rate and temperature 
where faster combustion rate and higher temperature breaks down more heavy 
hydrocarbons and lowers PM emissions, and thus factors such as fuel injection timing 
and EGR ratio have great influence on PM emissions.
2.2.2 Conventional engine cooling system -  its function and design in 
engine thermal management
The engine cooling system performs a very simple function, which is to absorb the 
waste heat inside the engine and reject it to the environment, thus keeping the 
temperature of the engine within its permitted operating range. In doing so, Stone 
(1999) stated that the engine cooling system is designed to achieve the following 
goals;
1. Promote a high volumetric efficiency
2. Ensure proper combustion within the engine
3. Ensure mechanical operation and structural integrity
The engine cooling system shares the same basic features regardless on the type of IC 
engine it serves and it consists of the radiator, de-gas bottle, thermostat, coolant, 
coolant pump, cooling fan, coolant hoses and coolant gallery (Stone, 1999). Figure
2.1 presents one of the likely arrangements of the elements of the engine cooling
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system in an automobile. The coolant inside the engine cooling system is the medium 
that transport the waste heat absorbed from the coolant galleries inside the engine 
structure through the coolant hose to the radiator, where the heat energy in the coolant 
is rejected to the ambient air. The coolant is circulated in the system by the coolant 
pump which is typically driven by the crankshaft via a poly v-belt as part of the front 
end auxiliary drive (FEAD).
This arrangement fixes the pump speed in relation to the engine speed and thus the 
maximum coolant flow rate at a particular engine speed. This setup ensures that the 
coolant flow and hence the heat rejection rate of the engine cooling system can match 
the increased amount of waste heat generated by the engine as the engine speed 
increases. At the heart of the engine cooling system, the thermostat regulates the 
coolant flow rate through the engine by sensing and reacting to the change in the 
temperature of the coolant. Thermally sensitive wax inside the thermostat expands 
with the increase in the temperature of the coolant flowing through the thermostat. 
This property of the wax is used to control the size of the opening inside the 
thermostat and hence, the resulting coolant flow rate through the system.
By sensing the temperature of the coolant in the system, the thermostat determines the 
proportion of the heated coolant from the engine and the cooled coolant from the 
radiator in the mixture that are fed into the engine. This control regime ensures a 
small, warm coolant flow into the engine when it is cold and a large, cool coolant 
flow into the engine when it is hot. In most engines, the thermostat is located at the 
coolant outlet from the engine, allowing it to respond quickly to changes in the heat 
rejection rate of the engine as indicated by the change in coolant temperature 
(Manfred et al, 1992). However, some engine cooling systems have the thermostat 
located at the coolant inlet of the engine.
This alternate position is favoured by some as it restricts coolant flow to the engine 
until the engine and the coolant inside the system are close to warmed up 
temperatures. Such conditions favour faster warm up rates and this is highly desirable, 
particularly for cold start conditions. Clearly each system has its advantage, one 
giving faster response while the other offers a more stable operating temperature. 
Depending on the position of the thermostat in the engine cooling system, the
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temperature range in which it would respond to differs slightly. For engine cooling 
systems which have the thermostat located at the coolant outlet from the engine, the 
thermostat normally starts to open or crack when the coolant temperature reaches 
75°C, allowing more coolant flow through the engine and radiator by reducing the by­
pass flow. The size of the opening tracks the increase in the coolant temperature 
before it opens fully when the coolant temperature exceeds 90°C, allowing maximum 
coolant flow rate through the engine and radiator.
Beyond the temperature for maximum opening in the thermostat, the temperature of 
the coolant is no longer under the control of the thermostat but purely dependent on 
the heat transfer effectiveness of the coolant inside the engine and radiator. Some 
degree of control is afforded over this process by manipulating the airflow across the 
radiator. When the engine cooling system has exhausted the natural heat rejection 
potential of the ram air through the radiator, the cooling fan which is typically driven 
via a temperature sensitive viscous clutch arrangement or more recently by an electric 
motor would engage and increase the cooling air flow through the radiator. As such, 
the current thermal management system only controls the coolant temperature and not 
the temperature of the engine structure and sub-systems. Even so, the coolant 
temperature itself is uncontrolled at some extreme operating conditions.
Given the control regime of the coolant temperature, the range of operating 
temperatures of the engine structure would depend on the control of the coolant flow 
rate and temperature by the thermostat. As the thermostat is a passive control device, 
its response is highly dependent on the properties of the wax inside the thermostat. In 
short, the control of the thermal state of the engine is not precise and exists only in 
principle. In limiting conditions where the ambient temperature is high or the engine 
is operating at high load, the lack of temperature control on the engine structure leads 
to hot spots generating vaporised coolant as coolant temperature exceed its control 
limit. The degas bottle recovers this vaporised coolant by condensation and 
replenishes any lost coolant to maintain the coolant level in the system.
Currently, the design and the sizing of the engine cooling system are still based on the 
engine heat rejection requirement at maximum driving speed and/or trailer towing up
8
a specific gradient hill. Designing the engine cooling system to cope in such 
uncommon conditions frequently resulted in an oversized system. An oversized 
engine cooling system is inefficient and draws an excessive amount of power to drive 
the coolant pump and cooling fan, leading to increased fuel consumption, particularly 
in city driving conditions. This gives rise to the inherent challenge of developing an 
engine cooling system capable of coping with the most arduous conditions and yet 
highly efficient for most driving conditions.
2.2.3 Modern Diesel engines in practice
The Diesel engine has evolved significantly since it was first introduced and it is now 
the workhorse among prime movers. Although the Diesel engine is favoured for its 
high fuel efficiency, it potential is being capped by the limitation on various emissions 
outputs in legislated drive cycle tests. As such, the exhaust after treatment system is 
an integral part of the modem Diesel engine, where the oxidation catalyst is employed 
to reduced CO and uHC to CO2 and water vapour. In addition, the use of a particulate 
filter to remove PM emissions from the exhaust gas has also become common 
practice in newer vehicles. When operational, these exhaust after treatment systems 
remove virtually all of their target emissions, reducing the toxicity of the exhaust gas 
(Stone, 1999).
The treatment of NOx emission in modem Diesel engines is much more complex and 
expensive compared to other emissions. The current approach to limit the NOx output 
in light duty Diesel engines is through the combined use of EGR and compensation of 
the fuel injection timing in the engine control strategy. Each approach has its strengths 
and weakness. With these two approaches, the NOx output is reduced by suppressing 
the initial rate of combustion and lowering the peak local combustion temperature that 
drives NOx formation. Unfortunately, suppressing the rate of combustion also lowers 
the effectiveness in producing work output, which increases the fuel consumption of 
the engine. Naturally, the slower combustion rate leaves the exhaust emissions with 
higher proportion of products of incomplete combustion such as CO, uHC and PM 
because of shorter combustion time and lower combustion temperature (Challen et al, 
1999).
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Given the inverse relationship between NOx emissions and fuel efficiency and other 
emissions, Diesel engineers face a significant challenge in lowering both the fuel 
consumption and NOx emissions output simultaneously. This rule generally extends 
to most in-cylinder strategies that suppress NOx formation. While there are a few 
exhaust after treatment systems that are capable of treating the NOx gases in the 
exhaust gas, these systems are not without their drawbacks (Johnson, 2000 & 2005). 
Selective catalytic reaction (SCR) is one potential after treatment system that can used 
to treat NOx. The system works by injecting a reducing agent onto a catalyst which 
would reduce NOx in the exhaust gas into harmless by-products. The most favourable 
reducing agent for the SCR system is urea though diesel fuel can actually be used in 
its place. Again the indication given is that the removal of NOx output from exhaust 
gas incurs a fuel consumption penalty (Blakeman et al, 2001 & Sato et al, 2003).
Lean NOx traps have also been evaluated as a means to remove NOx from Diesel 
engine exhaust gas (Guyon et al, 2000 & Park et al, 2005). Lean NOx traps work 
like a sponge by absorbing the NOx gas in the exhaust gas stream. However, they 
need to undergo a regenerative cycle like the particulate filter, to recover the NOx 
storage capacity of the trap by injecting fuel into the trap to convert the stored NOx 
into N2 gas and water vapour. Although lean NOx traps are an effective means of 
limiting NOx emissions from Diesel engines, they are susceptible to sulphur 
poisoning whereby the sulphur content in Diesel fuel forms SO2 gas that adheres to 
absorption sites in the trap and lowers the NOx storage capacity. With the high 
sulphur content in existing Diesel fuel in some regions, and the irreversible effect of 
sulphur poisoning in NOx traps, the widespread use of NOx traps would depend on 
the availability of low sulphur Diesel fuel.
In general, the development and application of Diesel engine technologies is driven 
by legislation on emissions limits. Meeting the legislated drive cycle limits, such as 
the EURO standard shown in Table 2.1 below has its benefits in the automobile 
manufacturers’ point of view as governments have offered grants for purchasing 
vehicles that strive to be environmentally friendly such as the Toyota Prius while 
vehicles that have failed to meet the legislated target are prevented from sale. Car 
manufacturers with environmentally friendly vehicles would also gain positive 




Limit values in (gm/km)
CO NOx HC+NOx PM
Euro III (2000) 0.80 0.65 0.72 0.07
Euro IV (2005) 0.63 0.33 0.39 0.04
Table 2.1: Legislated limits on specific emissions output in the current and future 
European Drive Cycle Test
In daily driving as well as in legislative drive cycle tests, one of the main problems 
associated with the exhaust after treatment systems of the Diesel engine is their range 
of operating temperatures. Most exhaust after treatment systems only function within 
the temperature range of 250-400°C, while the temperature of the exhaust gas can be 
as low as 120°C at idle conditions. The exhaust temperature is often below the 250°C 
light off temperature required by the after treatment system to function in city driving 
conditions, typically in the region of 200°C. Thus, there is a significant gap between 
the functional requirement and the capability of these systems. The issue of the 
operating temperature of such systems also extends to the time required to attain a 
functional temperature from cold start conditions even with a close coupled catalyst 
(Bauer et al, 1999 & Saroglia et al, 2002). Consequently, the noxious emissions in 
the exhaust gas would escape untreated under these circumstances even with a close 
coupled catalyst which tracks the exhaust temperature quickly.
2.2.4 The engine cooling system of modern Diesel engine
The cooling system of a modem Diesel engine does not differ much from the basic 
engine cooling system described above. However, it can be said that the high 
performance of a modem Diesel engine is enabled by the capability and capacity of its 
refined engine cooling system. Modem Diesel engines with smaller displacement 
perform much better than older engines with larger capacity in terms of fuel 
efficiency, rated output and dynamic performance. This is due to the increased power 
density with refinement in engine technologies as well as improved engine design. 
With the more compact structures in new engines, the engine cooling system needs to 
match the increase in the heat rejection requirement of the engine. This is vital to
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ensure that these engines achieve the desired performance. Without the enhancement 
in the performance of the engine cooling system, these engines would have failed in 
operation from overheating or component failure.
Most of the refinements in the engine cooling system come from improved coolant 
gallery design and optimisation of the coolant flow inside the engine. These 
improvements significantly increase the effectiveness of the heat absorption process 
of the coolant inside the engine. The engine cooling system of the modem Diesel 
engine would have the addition of an EGR cooler, oil cooler and cabin heater 
integrated into the basic system. The additional elements in the engine cooling system 
could be arranged to follow the schematic layout shown in Figure 2.2. As the use of 
EGR in Diesel engines to reduce NOx output has become commonplace, a further 
reduction in NOx output to meet legislated limits without further fuel consumption 
penalty would require the EGR gas to be cooled (Chalgren et al, 2005 & Zelenka et 
al, 1998), hence the introduction of the EGR cooler. Cooling of the EGR gas can 
further reduce the NOx output because it reduces the peak local combustion 
temperature, the key factor in NOx formation (Ladommatos et al, 1998).
Cooling the EGR gas can significantly increase the heat rejection requirement of the 
engine cooling system and thus needs to be used judiciously (Valazskai et al, 2001). 
There are also other issues associated with the use of EGR cooling such as the 
formation of acids that corrode the engine structure and seals when emission such as 
NOx dissolve in condensed of water vapour when the temperature of the EGR gas is 
too low. In addition to the EGR cooler, the use of an oil cooler which cools the engine 
lubricant is also common in modem Diesel engines. The increased power density of 
modem Diesel engines has significantly increase the loads at the bearings and other 
contact surfaces, causing a corresponding increase in the heat generated from friction 
(Bartz, 2000). Although a high oil temperature favours lower frictional losses and 
improved fuel efficiency, excessive oil temperature leads to deterioration of the oil 
quality which would, on the contrary, increase fuel consumption and emissions output 
(Kwang et al, 1998 & Taylor, 2001).
The oil cooler keeps the lubricant oil temperature within allowable limits to avoid 
excessive oil temperature that leads to deterioration in oil quality and life (Andrews
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et al, 2001). For the vehicles sold in countries that experience a cold or seasonal 
climate, the addition of the cabin heater is also common. The cabin heater rejects a 
portion of the waste heat from the engine to improve the thermal comfort in the 
vehicle cabin in cold condition. It also performs critical safety functions such as de- 
icing and demisting of the windscreen in cold weather. In relation to everyday driving 
as well as legislated drive cycle tests, the addition of these additional components 
further increase the thermal inertia of the engine and the engine warm up time. 
Similar to the design and operation of the basic engine cooling system, the 
components in the modem cooling system are typically oversized for everyday 
driving, suggesting that there is a significant margin for improvement that can be 
offered by reconfiguring the engine cooling system.
Even with the additional components, the control of the engine cooling system is still 
performed by the thermostat which senses and controls a single variable. Most of the 
engineering processes on the engine cooling system are focused on optimising the 
coolant flow in the system. The refinement in the coolant gallery design improves the 
system efficiency and performance at maximum power while, the design and sizing of 
other components used in the system narrows the operating temperatures range of the 
engine and reduces the warm up time. The resulting system is often a compromise 
between good steady state performance and rapid warm up (Jarrier et al, 2001), as it 
is inconceivable that the thermostat alone can optimally control the thermal state of 
the engine, EGR cooler, oil cooler and cabin heater in a manner which would 
minimise the fuel consumption and emissions output of the engine at all times.
The increasingly stringent limits on emissions output in legislated drive cycles has led 
to the introduction of engine thermal management elements within the overall engine 
control strategy in the engine control unit (ECU) which accelerate engine warm up in 
cold start conditions. One approach is to retard the start of fuel injection timing which 
delays the start of the combustion process. While this would result in higher fuel 
consumption and emissions output, it also increase the proportion of the energy input 
into the engine going to the engine cooling system and the exhaust gas, warming the 
engine up much more quickly. The main reason for using this strategy is to ensure that 
the catalyst attains light-off temperature quickly and reduce emissions output, thus 
allowing the vehicle to meet the legislate emissions limits. This strategy also has the
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added benefit of improved engine response, cabin comfort and demisting functions 
during cold start, which are features deemed important to consumers.
2.3 Review of investigations into engine cooling system
Although the engine cooling system used in modem automobiles has not evolved 
much since it was first introduced, numerous studies related to the engine cooling 
system have been conducted. The focus of these studies can be grouped into two main 
areas - physical elements related to hardware technologies and conceptual elements 
relating to system operation and control strategies. Often, the two aspect of the engine 
cooling system are entwined as in the thermostat functioning as both the controller 
and actuator of the system.
2.3.1 Physical elements and hardware technologies
Under the theme of physical elements and hardware technologies, various physical 
features of the engine cooling system have been studied, ranging from component and 
coolant technology to layout design of the engine cooling system. These are discussed 
below and can be grouped into the following classifications.
• Component technology
o Electrical modules -  electrical coolant pump and flow valve 
o Nanofluid
• Engine coolant circulation system design and configuration
o Split cooling systems 
o Reverse cooling systems 
o Precision cooling system
• System features
o Insulated engine 
o Cooling jets and cross drillings
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2.3.1.1 Component technology
2.3.1.1.1 Electrical modules -  electrical coolant pump and flow valve
The use of electrical modules in place of mechanical units in the engine cooling 
system has been evaluated in numerous studies (Ap et al, 1995, 1997, 1999 & 2005, 
Couetouse et al, 1992, Chalgren et al, 2004 & 2005, Chanfreau et al, 2001 & 2003, 
Kanne, 2000 & Koch et al, 2000). In these investigations, the actuators in the engine 
cooling system were replaced, namely the mechanical coolant pump by an electrical 
coolant pump while the thermostat was replaced by an electrical flow control valve 
and temperature sensor. The main reason for employing electrical components in the 
engine cooling system is the ability to actively control the response of the engine 
cooling system to regulate the thermal state of the engine (Wagner et al, 2001). The 
flexibility to control the response of the engine cooling system allows it to depart 
from existing control regimes which are traditionally limited by the coolant pump 
speed and thermostat response (Yang, 1996). Such flexibility in controlling the 
engine cooling system has been used to implement various strategies that are devised 
to improve the engine cooling system performance and, obtain an overall 
improvement in engine fuel efficiency and emissions output as discussed in the 
following sections.
In addition, the use of an electrical coolant pump also offers flexibility in the 
packaging of the engine cooling system and simplifies the structuring of the front end 
auxiliary drive (FEAD). However, the use of electrical component on board an 
automobile suffers from the drawback of poor efficiency of electrical power 
generation and transmission in vehicle. This is due to the low performance of the 
alternator which is designed to be most efficient at the worst conditions, where it 
gives 80-90% efficiency at idle condition but tails off to 50% as engine speed 
increases (Naidu, 2000). This is made worse by the low operating voltage of 12V in 
automobiles, which results in a high current draw leading to high transmissions losses 
even for the operation of low power devices.
To overcome this problem, the electrical units, particularly the electrical coolant 
pump used in some studies on advance engine cooling systems have a much lower 
peak power consumption compared to its mechanical counterpart. This is made
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possible by the controllability of the engine cooling system that enables the adoption 
of advance operating strategies such as ‘standing coolant’ and nucleate boiling. These 
strategies allow the use of an electrical coolant pump rated at 60W to replace a 
mechanical version that is rated at lkW (Ap, 1999). While this would result in a 
considerable saving in fuel consumption, the net improvement in fuel consumption 
and emissions output achieved depends on the operating strategies of the system, 
which will be discussed in the following sections.
2.3.1.1.2 Nanofluid
The nanofluids indicated for engine cooling application consist of fine nano-sized 
particles suspended in a base fluid, which is typically oil or water. Nanofluid was 
developed to replace the coolant in the engine cooling system on the basis that it has a 
much higher heat transfer effectiveness compared to existing coolant. This was 
achieved by introducing nano-sized metallic particles that improved the conductivity 
of heat from the engine structure into the cooling fluid. At the present time, such high 
heat transfer effectiveness can only be afforded by forcing the coolant to operate 
under nucleate boiling and evaporative conditions. However, such operating 
conditions only occur when the engine metal temperature is significantly high as 
illustrated by Finlay et al (1985) in Figure 2.3 which charts the wall heat flux relative 
to wall surface temperature.
This approach to attaining high system efficiency is typically achieved by restricting 
coolant flow, which also forces the engine to endure higher operating temperatures 
that can compromise its structural integrity. In contrast, the heat transfer effectiveness 
of the base cooling fluid of the nanofluid can be enhanced significantly with a 40% 
improvement in the fluid conductivity with the inclusion of less that 1% (by volume) 
of metallic particle content (Choi et al, 1999). Such a feature is highly desirable for 
the cooling medium as it would increase the effectiveness of the engine cooling 
system. This in turn enables the engine cooling system to be scaled down as a smaller 
system with the nanofluid is capable of performing duties conventionally performed 
by a larger system. A smaller engine cooling system not only reduces the system size, 
weight and cost but it also reduces the power demand of the system as the pumping 
demand of nanofluid can be met by a smaller coolant pump. Nanofluid also has the
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advantage of being able to adjust the heat capacity as well as other properties of the 
base fluid to suit a particular engine. However, the widespread adoption of nanofluid 
would depend on how the issue of particle agglomeration and degradation are 
addressed.
2.3.1.2 Engine coolant circulation system design and configuration
Given the weakness of the existing design of the engine cooling system, a number of 
studies look into alternative designs for the coolant circulation system. Alternate 
engine cooling circuits are devised to enhance the performance of the engine by 
overcoming some of the deficiencies of existing engine cooling systems.
2.3.1.2.1 Split cooling systems
Split cooling system is one such alternative design for the coolant circulation system, 
in which there is more that one coolant circuit or loop which circulates coolant within 
the engine. The purpose of having more than one coolant circulation loop within the 
engine is to allow different operating temperature in each section of the engine. This 
enables the engine cooling system to induce the optimum temperature distribution 
within the engine for low fuel consumption and emissions output. In the existing 
engine cooling system, the system priority is to prevent engine overheating and there 
is little consideration for the temperature distribution with the engine, through the 
control of the coolant temperature. This leads to overcooling of most sections within 
the engine, particularly the engine block, in the process of protecting vulnerable 
regions like the exhaust valve bridge (EVB).
To overcome this problem, split cooling systems with independent cooling circuits for 
the cylinder head and engine block, commonly known as dual cooling systems were 
developed. These allow the engine cooling system to regulate the operating 
temperature of each section of the engine for optimum engine performance. Although 
the fundamental concept of dual cooling system is relatively simple, the construction 
of the system in practice tends to vary due to the flexibility in the arrangement and 
setup of the external elements of the engine cooling system depending upon both 
practicality and operating strategies. The dual cooling circuit arrangements used by
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Finlay et al (1989) and Kobayashi et al (1984) are similar, in that each circuit has its 
own pump, temperature sensor, flow valve and radiator as in Figure 2.4. This 
arrangement gives them full flexibility in the control of the engine cooling system, in 
terms of the operating temperature envelope for each section of the engine.
With this arrangement, Finlay et al (1989) was able to force the engine to operate at 
two extremes of temperature where one half of the engine is in a cold condition while 
the other is in a hot condition. This allowed Finlay et al (1989) to investigate the 
effect of contrasting operating temperatures inside the engine, where the temperature 
of the coolant feed into the cylinder head was at 50°C and using 100% ethylene 
glycol, the coolant feed into the engine block was raised to 150°C. With these 
settings, Finlay et al (1989) were able to reduce fuel consumption of an SI engine by 
4-6% with 20-35% reduction in uHC output in steady state condition. Unfortunately, 
the gain came with the drawback of an increase in NOx output of a similar magnitude 
to the uHC reduction. On the other hand, Kobayashi et al (1984) was able to improve 
fuel efficiency of a SI engine by 5% at part load and 7% at idling by using the 
flexibility offered by dual cooling system to reduce the knock tendency of the engine 
and subsequently raise the engine compression ratio from 9:1 to 12:1.
This raised the engine rated output by 10% without deteriorating the engine response 
and fuel economy at lower engine speed conditions. The dual cooling system can also 
be designed to negate the need to have multiple coolant pumps and radiators as in the 
case described by Okada et al (1995). The simplicity of the design makes it very 
similar to conventional engine cooling systems, differing only by having dual coolant 
circulation paths in the engine and an additional a diverter valve as in Figure 2.5. The 
simplicity of the system design and similarity of the components used to those in 
existing engine cooling systems allows it to be implemented in a mass produced 
vehicle, the Nissan Cedric/Gloria. The use of the diverter valve to adjust the ratio of 
coolant flow split between the engine head and block, allowed very different 
operating temperatures in the cylinder head and engine block shown in Figure 2.6. 
The system gave a respectable 0.7% reduction in fuel consumption and 5% reduction 
of uHC output in LA4 legislated drive cycle test but there was no mention on the 
change observed in the NOx output.
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2.3.1.2.2 Reverse cooling systems
The term reverse in the context of an engine cooling system is used to describe the 
direction of the coolant flow in relation to the conventional system. In a typical engine 
cooling systems, the cooled coolant from the radiator enter the engine at the cylinder 
block, which is normally the cooler part of the engine structure, and flows upwards 
while rising in temperature, into the cylinder head where the structure is hotter, before 
leaving the engine. This coolant flow path through the engine reinforces the natural 
tendency for the engine block to be cooler and cylinder head warmer. This leads to 
lower lubricant oil temperature which will increase the engine fuel consumption and, 
the thermally vulnerable regions like the exhaust valve bridge (EVB) in cylinder head 
may be much hotter than is preferable.
The idea of using reverse cooling is based upon a simple logic, where the hotter and 
more vulnerable sections of the engine are cooled more and the cooler sections of the 
engine are cooled less. To achieve this in practice, the coolant enters the engine at the 
cylinder head and leaves at the engine block, resulting in a change in the inlet and 
outlet point for the coolant as in Figure 2.7 (Kulkarni, 1992). With this coolant flow 
path within the engine, the vulnerable regions in the cylinder head can be kept cool 
while the engine block can be kept warmer to induce a higher lubricant oil 
temperature which favours lower frictional losses. This minimises the temperature 
differences and thermal distortion within each section of the engine. The lower 
cylinder head temperature induced by the reverse cooling system would also favour 
improved engine performance as indicated by Kobayashi et al (1984).
Kulkarni (1992) has attributed the high performance of the 5.7L V8, LT1 engine to 
the feasibility of raising its compression ratio from 9:1 in the previous design to 
10.5:1 with the introduction of the reverse cooling system. The use of the reverse 
cooling system also allowed the engine to maintain its peak power output regardless 
of fuel octane rating, in contrast to the 10% loss in peak power when regular fuel was 
used in the conventional system. This was due to the increased tolerance of the engine 
to spark advance before the onset of detonation. In addition, the reverse cooling 
system also enabled good performance during engine warm up by aiding rapid
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cylinder bore warming. The reverse cooling system described by Kulkarni (1992) 
also had high system efficiency with a coolant flow rate requirement below 1 litre per 
kilowatt of heat rejected per minute, which outperforms the engine cooling systems of 
some of the latest vehicles.
One major concern relating to the use of the reverse cooling system is the difficulty in 
de-gassing the vapour produced in the coolant gallery of the engine since the natural 
bubble movement is in the opposite direction to the coolant flow. This problem can be 
addressed by introducing vapour bleed points at strategic locations within the cylinder 
head where most vapour is formed, as depicted in Figure 2.8. Another possible 
concern raised by the use of this system is the excessive temperature of the lubricant 
oil with the higher block temperature but there is no indication of this occurring 
considering some of these engines are highly successful.
2.3.1.2.3 Precision cooling system
Precision cooling was defined by Robinson et al (1999) as ‘the minimum amount o f 
cooling necessary to achieve the optimum temperature distribution within the engine 
The system was realised by integrating this system concept into the physical features 
and design of the coolant circulation paths within the engine. The idea of using a 
minimal coolant flow to produce the desired cooling effect arises from the desire to 
minimise the coolant flow rate requirement. This allows the use of a smaller coolant 
pump for a given duty and thus reduces the power consumption of the engine cooling 
system. One of the features of precision cooling systems is the use of high coolant 
flow speeds to promote heat transfer without steep temperature gradients or high 
metal temperatures (Robinson et al, 2001). This feature is primarily used to cool 
thermally critical areas in the cylinder head such as the EVB without the need for high 
coolant flow rates (Clough et al, 1993 & Campbell, 2001). Steep temperature 
gradients are undesirable because they imply that the coolant is operating in the 
nucleate boiling region or beyond.
A common feature of precision cooling schemes is that the required cooling regime 
was achieved by refining and optimising the coolant gallery design to induce high 
coolant flow speeds instead of using large coolant flows in the cylinder head as
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adopted by Finlay et al (1988). The finer coolant gallery in the precision cooled 
cylinder head described by Finlay et al (1988) had coolant flow speeds of up to 
4.5m/s compared to a maximum of 1.4m/s in the conventional design. The increased 
heat removal rate and reduction in overall metal temperature at high heat flux 
conditions enabled by the high coolant flow speed is shown in Figure 2.9.
The system described by Clough et al (1993) had an even higher peak coolant flow 
speed of 6.2m/s, which was achieved by careful design of the coolant gallery around 
inlet and exhaust valve as well as the spark plug seat, shown in Figure 2.10. The 
concept of precision cooling was further emphasised in this system with the 
embodiment of a feature which avoided overcooling of the engine block by adopting a 
block bypass rail as in Figure 2.11. In addition, the coolant jacket for the engine 
block extended from the top deck down to only 60% of the piston stroke, unlike many 
contemporary engines, in which the whole length of the bore is jacketed. In addition, 
the coolant flow around the bore was optimised by reducing the radial width of the 
coolant jacket to optimise the heat rejection of the engine block. Although the 
increase in the coolant flow speed would lead to a higher pressure drop across the 
engine and increase the load on the coolant pump, the resulting system actually 
lowered the pump power by more that 50%. This was possible since the higher heat 
transfer effectiveness and improved system efficiency significantly reduced the 
coolant flow rate requirement. The maximum coolant flow rate required was reduced 
by 65% from 4.61/s in the standard system to 1.631/s in the precision cooled system 
without significant change in the metal temperatures. This allowed a reduction in 
pump power from 3.45kW in the standard system to 1.6kW in the precision cooled 
system. The reduction in the maximum coolant flow rate allowed other components of 
the engine cooling system such as the radiator to be down-sized, reducing the cost and 
weight of the system. Clough et al (1993) also showed that the engine warm up time 
was shortened with the precision cooled system by 18% as in Figure 2.12 and this can 





The concept of the insulated engine arises in the study of engine cooling systems 
because it lowers the amount of heat rejected by the engine through the cooling 
system, which in turn lowers the power consumption of the engine cooling system 
(Seigla et al, 1989). The surfaces that form the boundaries of the combustion chamber 
are insulated with low thermal conductivity materials to reduce the heat rejected into 
the engine cooling system. The materials used are typically ceramics such as partially 
stabilised zirconia (PSZ) or KAOWOOL (a type of ceramic fibre), which was used in 
an insulated engine investigated by Suziki et al (1986). The various types of 
insulation that can be applied to the combustion chamber surfaces include ceramic 
piston crown inserts or coatings, ceramic coated liners and cylinder head face, and 
ceramic exhaust port sleeves.
With the application of these insulating media to the combustion chamber surface, the 
heat normally rejected to the coolant is redirected to the exhaust gas and other cooling 
elements instead. Suziki et al (1986) tried various configurations of insulation in a 
turbo charged DI Diesel engine as in Figure 2.13 to evaluate the effectiveness of the 
different level of insulations in lowering the cooling requirement of the engine. Suziki 
et al (1986) provided a breakdown of the energy balance of the engine relative to the 
adiabaticity factor in Figure 2.14, which correlates the heat rejection of a particular 
insulated configuration relative to the heat rejection of the base engine. The charted 
result shows that a partially insulated configuration is the best solution for lower fuel 
consumption and this arrangement outperforms the configuration with the most 
insulation.
The fuel consumption of one of the partially insulated configurations was reduced by 
an average of 3%, while cooling demand was reduced by 25%, with the same NOx 
output as in the base configuration. It was also shown that excessive insulation of the 
combustion chamber had a negative effect on the engine as the in-cylinder pressure 
measurement shown in Figure 2.15 indicated that high charge temperature as a 
consequence of extensive insulation deteriorated the rate of heat release and fuel 
efficiency. Similarly, Hay et al (1989) observed that excessive insulation led to
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reduced volumetric efficiency which influenced drivability, in addition to a reduction 
in fuel efficiency of up to 14.4% and a 5.8% loss in WOT power.
2.3.1.3.2 Cooling jets and cross drilling
Cooling jets are directed streams of coolant used to cool specific regions inside the 
engine. The concept originates from precision cooling, which advocates the use of the 
minimum amount of cooling for the optimum temperature distribution within the 
engine. The use of cooling jets in a passive and indirect manner is seen in the work on 
precision cooling by Finlay et al (1988), where transverse drillings were used to 
introduce jets of coolant onto metal surrounding the valves, as in Figure 2.16.
Vagenas et al (2003 & 2004) adapted the idea and used cooling jets in a controlled 
manner for engine cooling by installing additional cooling jets to impinge against 
thermally critical areas in the cylinder head, as in Figure 2.17 and Figure 2.18. The 
controlled cooling jets were created by installing a small electrical coolant pump on 
the outlet of the main coolant pump to supply the jet nozzles with adequate supply of 
coolant, as in Figure 2.19. The purpose of using these impinging cooling jets was to 
ensure thermally critical regions in the engine were sufficiently cooled when the 
engine was downsized to achieve lower fuel consumption and emissions output. 
Shalev et al (1983) investigated the potential use of cooling jets for this purpose and 
found that it was possible to significantly increase the heat transfer effectiveness of 
the engine cooling system by using just 4% of the total coolant flow for the jet flow. 
The impinging jet stream was projected at the normal to the coolant gallery surface 
and lowered the metal temperature 3mm below the flame face by 10°C. This 
highlights the potential for using cooling jets to improve the efficiency of the engine 
cooling system without consuming a large amount of engine power.
Although similar reductions in temperature around the EVB can be attained using 
cooling jets, Vagenas et al (2004) mentioned that the system relied on an adequate 
supply of coolant at a lower temperature than that within the engine to be effective. In 
this case, the supply of low temperature coolant was made possible by using the 
cooling fan to further lower the coolant temperature at the radiator outlet but this 
would offsets the benefit obtained from the lower coolant flow rate made possible by
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the use of cooling jets. In practise, the same functionality could be achieved by using 
a separate low temperature cooling circuit as used by the intercooler or air 
conditioning cooler.
2.3.2 Operating strategy for the engine cooling system
In the earlier sections, the physical aspects of engine cooling system advances were 
elaborated upon. The following sections contain details on how these features can be 
used to improve the performance of the engine cooling system and of the engine 
itself. Although the adoption of a particular physical feature or component can be 
beneficial to the performance of the engine cooling system, the positive effect the 
feature offers needs to be designed and managed carefully in order to deliver the 
optimum benefit and avoid any negative effect on the system. In other words, an 
appropriate control strategy must be adopted alongside the physical features 
incorporated within the system in order to realise improvements in the engine fuel 
economy and emissions. With some features such as electrical modules, the flexibility 
they offer allows a number of different strategies to be adopted to improve the 
performance of the engine cooling system. The commonly adopted strategies are 
discussed below, and can be classified into the following broad groups.
• Temperature set point control
o High temperature set point 
o Low temperature set point
• Low heat loss or adiabatic engine
• Optimum coolant pumping requirement
• Optimised radiator heat transfer
• Nucleate boiling and evaporative system.
2.3.2.1 Temperature set point control
The control of temperature set point is one of the most common forms of control
strategy applied to the engine cooling system, and indeed forms the basis of the
conventional engine cooling system. The coolant temperature control device 
(thermostat) in conventional engine cooling systems regulates the coolant temperature
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at either at the inlet or outlet of the engine but the control is not precise in nature. In 
the control of the temperature set point of the engine cooling system, there are two 
main routes that branch off from the conventional approach. One is to operate at a 
higher temperature than existing engine cooling systems while the other is to do the 
opposite. Each has their respective benefits and drawbacks, which are further 
explained in the following sections.
2.3.2.1.1 High temperature set point
Raising the operating temperature set point of the engine cooling system has been the 
most common approach, adopted in a number of advanced engine cooling system 
studies (Ap et al, 1997 & Couestouse et al, 1992). This approach was favoured 
because increasing the operating temperature of the engine cooling system has 
positive effects on some fundamental aspects of the combustion process and engine 
operations that directly influence the fuel consumption and emissions output, as well 
as the efficiency of the engine cooling system itself. The purpose of increasing the 
temperature set point of the engine cooling system is to raise the operating 
temperature of the engine. One of the main benefits of raising the operating 
temperature of the engine is its direct effect on the lubricant oil temperature, which 
influences the frictional losses within the engine.
The significance of the reduction in engine frictional losses through the control of 
coolant temperature set point has been reported in numerous studies. Finlay et al 
(1989) was able to reduce fuel consumption by raising the bore metal temperature to 
195°C by regulating the coolant temperature at engine outlet to 150°C. Although 
Couetouse et al (1992) took advantage of the lower frictional losses with the increase 
in the operating temperature of the engine cooling system, a maximum operating limit 
of 140°C was set upon the lubricant oil temperature to prevent degradation of the oil 
quality. A limit of 120°C was also set on the coolant temperature at engine outlet to 
prevent boiling conditions inside the engine and excessive vapour generation, thus 
avoiding the need to use a special coolant as adopted by Finlay et al (1989).
The work of Couetouse et al (1992) was considered as groundbreaking at the time 
because it showed that the reduction in engine frictional loss can be very considerable,
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as in Figure 2.20. It also highlighted the tendency of conventional engine cooling 
systems to overcool the engine at low load conditions, which resulted in higher engine 
frictional loss. A saving of more that 10% in fuel consumption was attained at a low 
vehicle cruising speed of 40km/h while an average saving around 4% was made 
across other vehicle cruising speeds of up to 120km/h.
The increase in the operating temperature set point of the engine cooling system is 
also beneficial to the performance of the engine cooling system itself. By increasing 
the operating temperature of the coolant, both the temperature difference between the 
coolant and the ambient air at the radiator and, the temperature difference between the 
coolant and the metal in the engine, is much higher. Thus the rate of heat transfer 
would be increased as a consequence of the steeper temperature gradient. As the 
effectiveness of both governing processes in the cooling of the engine are increased, 
the efficiency of the engine cooling system is increased as a whole with the increase 
in the operating temperature set point of the engine cooling system. This enables the 
use of a smaller cooling system for any given engine, which lowers the power 
consumption of the system and subsequently improves the fuel economy of the 
engine. Such an effect was seen in the investigation by Chanfreau et al (2001) where 
a small electrical coolant pump rated at 600W was used in place of a mechanical 
pump typically rated at 2-3kW, to cool a 3.8L SI engine with a rated output of 180hp. 
This was made possible by raising the coolant temperature set point from about 90°C 
to 110°C.
The underlying reason behind the increased performance of the engine cooling system 
can be explained on the basis of the functional operating temperature range of the 
coolant in the system. Under full flow condition with minimal bypass flow at the 
thermostat, the temperature rise of the coolant when it flows across the engine is 
typically in the region of 5-10°C while the temperature drop of the coolant across the 
radiator is of the same order. By raising the temperature set point of the coolant, the 
temperature rise of the coolant across the engine is much higher, in the case of the 
work by Chanfreau et al (2001), the temperature rise was in the region of 20°C. The 
temperature drop across the radiator is again comparable. With the higher temperature 
rise across the engine and temperature drop across the radiator, the coolant flow rate
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required would be reduced by a similar order to the ratio of temperature difference in 
the advanced system to that in the conventional system, for a similar heat rejection 
rate.
Thus when the temperature rise and fall of the coolant is increased from 5°C to 20°C 
across the engine and radiator respectively, the coolant flow rate can be quartered, 
giving a reduction of 75% in coolant flow rate requirement. By adopting such 
strategy, Chanfreau et al (2001) were able to lower fuel consumption by 3% over a 
standard FTP75+HWFET drive cycle. A more radical approach to raising the 
operating temperature set point was taken by Ap et al (1997), where the nucleate 
boiling region of the coolant heat transfer mode, described in section 2.3.2.5, was 
utilised to significantly raise the coolant heat transfer capability. The system improved 
the fuel consumption of a 1.2L SI engine by an average of 3% in steady state extra 
urban driving at speeds of 90km/h and 120km/h. A similar reduction in fuel 
consumption was also achieved in the MVEG drive cycle.
In addition to improvements in engine fuel consumption, raising the operating 
temperature set point of the engine cooling system will also influence the emissions 
output of the engine. The increase in the metal temperature of the engine as a direct 
effect of the operating temperature set point of the engine cooling system, influences 
the combustion process in the engine and hence the emissions output. The effect of 
flame quenching at the combustion chamber boundary is reduced with the increase in 
metal temperature, reducing emissions of CO and uHC which are caused by 
incomplete combustion (Tanabe et al, 1991 & Tsurushima et al, 1999). This effect 
was seen in the work by Couetouse et al (1992) with up to 10% reduction in uHC 
output when the coolant temperature set point was raised from 85°C to 110°C in 
steady state conditions. Chanfreau et al (2001) reported a more notable change as the 
emissions of CO were reduced by 15% while uHC was reduced by 17% when metal 
temperature was higher than the baseline condition over a legislated drive cycle.
Similar trends during engine warm up were also reported by Ap et al (1997) with a 
12% reduction in CO output and 23% in uHC output, as in Figure 2.21. The result 
also showed a 7% reduction in the NOx output. This runs contrary to the expected
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outcome, as an increased operating temperature would typically have a negative effect 
on NOx output. One possibility is that reduced engine friction resulting from elevated 
lubricating oil temperatures reduced the engine EMEP sufficiently to offset the 
increased NOx resulting from higher combustion temperatures. This hypothesis would 
require further investigation before it could confirmed. The conventional assumption 
linking raised operating temperatures to increases in NOx was confirmed by 
Couetouse et al (1992) with up to 35% increase in NOx output due to the increased 
operating temperature set point of the engine cooling system of a SI engine. This 
poses a serious question on the usability of this strategy in a Diesel engine with the 
increasingly stringent limits on NOx output in legislated drive cycle tests. In addition, 
the use of this strategy also raises questions on the reliability and durability of the 
engine and sub-systems with the higher operating temperature.
The advanced cooling system developed by Chanfreau et al (2001) operated with 
metal temperatures as high as 230°C, with up to 60°C increase in metal temperature 
from the baseline condition, as shown in Figure 2.22. This is above the comfortable 
operating limit of 200°C for most engine structures even at maximum power. 
However, some argue that there is a significant margin of safety in the operating 
temperature of the engine in everyday driving condition which allows scope for the 
adoption of such a strategy (Melzer et al, 2001). With such high operating 
temperatures, the integrity of the lubricant oil is also in doubt, as the optimal 
operating temperature for the lubricant is about 120°C for low frictional loss without 
concerns on degradation of the lubricant oil properties. On the other hand, the 
increase in the coolant temperature has a further benefit of improved heat availability 
for cabin heating as reported by numerous studies which incorporated a higher 
operating temperature set point. Chanfreau et al (2001) showed that the heat 
availability for cabin heating can be improved by 1.5kW with the higher temperature 
setting in conjunction with coolant flow management. This removed the need for an 
electrical cabin heater which had previously increased the engine fuel consumption.
2.3.2.1.2 Low temperature set point
The reduction of the operating temperature set point of the engine cooling system has 
the direct opposite effects of raising the temperature set point, which were discussed
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in the previous section. Under similar operating conditions, the fuel consumption of 
the engine is likely to increase, along with CO and uHC emissions, if a low operating 
temperature strategy was adopted. However, there are also merits in reducing the 
operating temperature set point of the engine cooling system. One of the most 
important factors is the effect on NOx emissions, which is paramount for the Diesel 
engine. The reduction in the metal temperature lowers the temperature of the 
combusting charge, which is the determinant factor in NOx formation. Lowering the 
operating temperature of the engine cooling system also improves the volumetric 
efficiency of the engine.
Kobayashi et al (1984) showed that the charging efficiency can be improve by about 
2% when the coolant feed to the cylinder head temperature is set to 50°C rather than 
the conventional 90°C. Similar effects were observed when the same setting was 
applied to the coolant feed to the engine block. Further, the lower coolant temperature 
set point also offered increased knock protection to SI engines. This effect was 
supported by the finding of Finlay et al (1989). The study by Kobayashi et al (1984) 
further highlighted this, where lowering cylinder head temperature offered twice the 
knock protection of a similar reduction of the engine block temperature in terms of 
increased tolerance for spark advance. Thus the cumulative effect of improved 
charging efficiency and increased knock protection can be used to recover from the 
increases in the engine fuel consumption and emissions. This can be achieved by 
advancing the spark timing of the engine which would improve the fuel economy of 
the engine as well as the emissions output.
2.3.2.2 Low heat loss or adiabatic engine
The concept of the low heat loss or adiabatic engine was conceived to counter the loss 
of fuel energy input to the engine cooling system. Presently, about 30% of the fuel 
energy is dissipated by the engine cooling system depending upon the operating speed 
and load of the engine. By reducing the amount of heat energy dissipated from the 
engine cooling system, engineers postulated that the work output of the engine could 
be improved. As the heat generated during the combustion process is not sufficiently 
removed by the engine cooling system in a low heat loss engine, the operating 
temperature of the engine is increased significantly. Thus, the concept of a low heat
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loss engine requires significant changes to the engine construction as the existing 
material used in the engine structure cannot cope with the increase in operating 
temperature (Enomoto et al, 1986). As such, the concept involves physically 
insulating the engine structure, an idea described in section 2.3.1.3.1.
Adiabatic engines, although sharing a similar inspiration to low heat loss engines, take 
the theme further by having virtually no engine cooling system at all. This removes 
the need for a coolant pump, or cooling fan in the case of an air cooled engine, and 
thus indirectly enhance the engine performance by removing the need to expend 
energy to cool the engine. Some of these engines have shown a remarkable increase in 
their fuel efficiency with Bryzik et al (1983) reporting that these engines can attain 
48% thermal efficiency in comparison to the 36% achieved by standard water cooled 
engines. This translates to an impressive 25% improvement in the engine fuel 
efficiency by operating the engine in this mode (Bryzik et al, 1983). However, due to 
the high metal temperatures experienced as a direct consequence of operating the 
engine in adiabatic mode, only compression ignition engines are capable of running in 
such conditions.
Although the higher operating temperature promotes lower frictional losses in the 
engine, the higher metal temperatures also result in reduced volumetric efficiency. 
This reduces the power density of the engine and consequently causes the peak power 
output of the engine to drop, as reported by Hay et al (1989). This is in line with the 
finding of Kobayashi et al (1984) with regard to the temperature effect on charging 
efficiency. The high operating temperature of the engine also predictably resulted in 
significantly higher NOx output in most studies, with Alkidas et al (1989) reporting 
that NOx output virtually doubled at most engine speed and load conditions. On the 
other hand, the PM and uHC output dropped beyond any future limit set at the time of 
the study, which is a significant advantage as it would simplify the exhaust after 
treatment system to account for NOx only.
The trend of higher NOx output associated with the engine operating in low heat loss 
mode was not observed in all studies as there are some variations in the factors which 
influence the NOx formation process during combustion. As the result of operating 
the engine in low heat loss mode, the higher gas temperature shortens the ignition
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delay period of the combustion and consequently reduces the amount of fuel burned 
during the pre-mixed combustion, where most NOx is formed. This is one of the 
factors counteracting the high NOx output linked to the higher temperature set point. 
The other is related to the loss in the charging efficiency of the engine, which reduces 
the oxygen availability for combustion and thus slows down the rate of combustion 
and the formation of NOx, which is also one of the primary reasons for the reduction 
in fuel efficiency in the study by Dickey (1989).
In the case of Suziki et al (1986), the fuel efficiency was reduced by 2% with the 
adiabatic engine configuration but the energy dissipated through the exhaust gas 
increased by more than 5%, thus indicating that improvements in the turbocharger 
could overcome the loss in fuel efficiency. The increase in exhaust gas energy can 
also be used to further increase the fuel efficiency of the engine through the use of 
turbo compounding as advocated by Bryzik et al (1983) which would increase the 
engine thermal efficiency to 54%. With concerns around higher NOx output from the 
engine when operating in low heat loss mode, further issues also arise from the higher 
operating temperature. The excessively high operating temperature results in higher 
lubricant oil consumption as evaporation rate increase with temperature. This raises 
questions regarding the endurance of such engines if frequent replenishment of the 
lubricant oil is required for reliable operation.
Extreme operating temperatures have been cited to accelerate the degradation of the 
lubricant oil, shortening the lubricant oil life (Taylor et al, 2001). More critically, the 
extreme operating temperatures pose serious questions regarding the durability and 
reliability of such engines. In low heat loss mode, the metal temperature in the engine 
can be in excess of 400°C on the piston crown and 600°C on the cylinder head flame 
face. Such high operating temperatures are the primary reasons for premature failure 
of engine components such as valves and piston due to thermal shock effects during 
the gas exchange process, as reported by Asanani et al (1985). This reduces the 
duration of reliable operation of these engines to a few thousand hours, which could 
be only a few months of running time. Such failures could be avoided by adjusting the 
adiabaticity factor to prevent extreme temperatures as demonstrated by Suziki et al 
(1986) in the implementation of the low heat loss approach.
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2.3.2.3 Optimum coolant pumping requirement
As explained previously, lowering the coolant pumping requirement would enable the 
use of a smaller coolant pump for a given engine cooling requirement, which in turn 
lowers the power consumption of the engine cooling system and improves the fuel 
consumption of the engine. The use of this strategy is one of the main paths in 
optimisation of the performance of the engine cooling system where redundant 
capacity in the system is trimmed to improve engine performance. In most studies, the 
strategy of lowering the coolant pumping requirement was combined with other 
hardware features such as precision cooling as well as control strategies such as 
increased operating temperature of the engine cooling system.
Further, the low flow concept has also been developed to correct one of the main 
weaknesses of conventional engine cooling systems, which is the oversupply of 
coolant to the engine under most common driving conditions. As mentioned, the 
engine driven coolant pump fixes the coolant pumping rate relative to the engine 
speed, requiring most of the coolant flow to pass through the by-pass line to maintain 
the coolant feed temperature, particularly in urban driving conditions. Thus, under 
these circumstances, the engine cooling system consumes excessive amounts of 
engine power. Although some have argued that the high coolant flow rate is necessary 
to maintain component temperatures at optimum levels, numerous studies have shown 
that existing cooling systems tend to overcool under part load engine operation. This 
realisation gave rise to concepts such as Controlled Component Temperature Cooling 
(CCTC) developed by Willumeit et al (1984) where metal temperature rather than 
coolant temperature was controlled.
Such a concept is true to the ideals of the control of engine temperature for optimal 
performance rather than the indirect control of metal temperature through control of 
coolant temperature as implemented in conventional engine cooling systems. The 
control of coolant flow rate is particularly important during the engine warm up 
period when the engine out emissions are the highest. Under these conditions, the 
concept of CCTC was extended into the form of a ‘standing coolant’ system by 
Krause et al (1996), where the rotary valve shown in Figure 2.23 allowed the cooling
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system to completely halt coolant flow through the engine. This system reduced the 
heating time of the coolant and components adjacent to the combustion chamber by 
50% with fuel consumption improvement of 3% and a 10-15% reduction of uHC over 
legislated drive cycles. The adoption of an electrical coolant pump would enable the 
coolant pumping rate to accurately match the engine coolant flow rate requirement.
Control of the coolant pumping rate can also be established using a variable flow 
pump or by introducing a continuous variable transmission (CVT) to drive the coolant 
pump drive as patented by Uota et al (1999). The use of these devices allow the 
coolant pump speed to be varied regardless of engine speed, giving such arrangements 
a similar capability to an electrical coolant pump. As these systems are almost 
completely mechanical, they do not put any load onto the electrical system of the 
vehicle, avoiding the losses associated with electric coolant pumps. Further, as these 
devices can control the coolant flow rate, the thermostat becomes a redundant 
component during normal vehicle operation. However, these variable flow devices are 
not adopted in practice because most deem that they do not offer sufficient benefit to 
justify the cost penalty.
There are other, more affordable, means to regulate the coolant pumping rate, such as 
the throttled pump outlet system by Yang (1996), but the two approaches are different 
in their effects. A throttled system controls the coolant flow rate up to the limit of the 
coolant pumping rate achievable by the coolant pump at a given engine speed and 
load, and hence still incurs throttling losses in the system (as in the thermostat), in 
contrast to just pumping die amount of coolant required by the engine, thus saving the 
energy needed for the excess pumping.
2.3.2.4 Optimised radiator heat transfer
As mentioned before, conventional engine cooling systems are often oversized to 
cope with extreme conditions not normally seen in everyday driving. One of the 
conditions used for the sizing process is trailer towing up a hill with a particular 
gradient. Under this condition, the engine cooling system often struggles to cope even 
with the cooling fan running at full capacity because the coolant flow rate is 
constrained by the low engine speed. At such a low coolant flow rate, the heat transfer
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process in both the engine and the radiator is not efficient, driven mainly by virtue of 
the increased temperature gradient between the metal and the coolant in the engine, 
and between the coolant and ambient air at the radiator. Also, the supply of cooling 
air at the radiator is limited by the low forward speed of the vehicle, for which the 
radiator fan can only partially compensate. Thus, the radiator is oversized to alleviate 
these problems but this in turn increases the pressure drop in the system and increases 
the coolant pump power requirement under everyday driving conditions.
Recognising the limiting heat transfer rate with low coolant flow rate and high 
pressure drop in the system with excessive coolant flow, Mitsuru et al (1999) 
developed an engine cooling system that restricted the coolant flow rate to a limited 
operating range. The system utilised electrical components which allowed the 
operating range of the coolant flow rate to be limited to between Reynolds numbers of 
1800 and 6000 inside the radiator. Reynolds number is directly related to the coolant 
flow velocity, and the purpose of limiting the operating range to these conditions is 
that the range corresponds to the transition from laminar flow to turbulent flow to 
fully turbulent flow. Turbulent flow is desirable because it enhances the heat transfer 
rate. In addition, the cooling fan was tuned to enhance the heat transfer at the radiator 
without consuming excessive amount of electrical power. In short, the system 
capitalised on optimising the radiator efficiency, which in turn claimed to offer a 2% 
improvement in fuel economy for a saloon car with a 1.8L engine and up to 9% for 
smaller vehicles with engine capacity of 660cc and below.
2.3.2.5 Nucleate boiling and evaporative systems
Among the advanced engine cooling systems developed, there are a number of 
systems based on nucleate boiling and evaporative cooling. Nucleate boiling occurs at 
the onset of the change in phase from liquid to vapour (Campbell, 2001). Explicitly, 
nucleate boiling corresponds to the subcooled region, where bulk of the liquid has yet 
to attain saturated state and vapour formation is not prominent (Finlay et al, 1987 & 
Robinson, 2001). In this regime the heat transfer coefficient between the metal and 
the liquid is raised significantly, providing the capability for much higher heat fluxes 
than at cooler conditions as in Figure 2.3. Such conditions are typically observed at 
the bottom of a pan of water as it approaches boiling temperature, where small
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bubbles formed at a number of locations tend to collapse before reaching the liquid 
surface due to the cooling action of the surrounding water mass. The process is 
accompanied by the characteristic ‘kettling’ noise which diminishes as the bulk fluid 
temperature rises to attain boiling point, allowing the vapour bubbles to reach the 
surface without collapsing. Though existing engine cooling systems are not designed 
to utilise the nucleate boiling effect, some have claimed that the occurrence of 
nucleate boiling in existing systems is very common as conventional heat transfer 
theory cannot account for the elevated heat transfer rate to the coolant at extreme 
operating conditions such as at wide open throttle (WOT).
As such, there is reluctance to adopt such strategies as a standard operational feature 
as they currently provide a safety margin for engine operation under extreme 
conditions. The advantage of nucleate boiling and evaporative cooling is great 
because high heat transfer rates are afforded by relatively low coolant flow rates. The 
potential of these systems can be understood by comparing the specific heat capacity 
and latent heat capacity of any liquid. The nucleate boiling region correspond to the 
coolant transitioning from a liquid state at a constant temperature into gas state, and 
the apparent heat capacity of the coolant in this region is approximated by the latent 
heat capacity. In evaporative mode, the heat capacity goes beyond the latent heat 
capacity of the fluid as the steam enters the superheated region. As such, the heat 
transfer capacity afforded by this mechanism far exceeds the heat transfer rate even 
with a 50°C rise in the fluid temperature under conventional operating conditions. 
This allows such systems to have unusually small coolant pumps with rated powers of 
less than 100W instead of l-2kW as used in conventional systems.
There are two critical issues which prevent the widespread adoption of such 
techniques. First is the need to have sustained elevated metal temperatures to induce 
the effect, forcing the engine to run hotter. This poses questions regarding the impact 
on engine reliability, life of the lubricant oil as well a host of other issues. Secondly, 
the formation of vapour is a concern, particularly with evaporative cooling, in which 
the coolant is at the saturated state and beyond. Excessive vapour formation is 
problematic because it is associated with coolant loss and failure of the cooling 
system. To counter this problem, a special expansion tank and radiator was developed
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by Ap et al (1997) to allow controlled vapour formation and recovery. This ensured 
that no vapour reached the coolant pump, avoiding potential cavitation damage.
The more critical issues related to vapour formation are film boiling and onset of flow 
instability (OFI). Film boiling is a phenomenon that occurs during the transition from 
nucleate boiling to fully saturated state, where a thin layer of vapour forms a barrier 
between the coolant and the coolant gallery wall. This effectively prevents heat 
transfer to the coolant and causes a sudden increase in the metal temperature. OFI is a 
similar problem where excessive vapour formation becomes too violent and blocks 
the coolant passage. Whether limited by film boiling or OFI, the peak heat transfer 
condition is termed the critical heat flux (CHF), defining the final barrier to increasing 
the heat transfer rate. Knowledge of the critical heat flux is important to allow the full 
potential of this phenomenon to be safely utilised but no one has yet been able to 
definitively predict where the limit is in such systems (Campbell, 2001). Thus 
development of a robust controller and safe operating regime for these engine cooling 
systems is still in progress (List et al, 1978). While there are systems that have been 
developed to operate at lower pressures, allowing nucleate boiling to occur at lower 
temperatures and limiting the need to raise the operating temperature of the engine, 
the issue of film boiling and OFI still needs to be addressed before widespread 
adoption can be considered.
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2.4 Concluding remarks
Fundamental background knowledge on Diesel engines and the engine cooling system 
has been presented along with the current demands and limitations on the engine and 
systems performance.
Previous studies related to the engine cooling system are reviewed, classified 
according to the hardware technologies and the control strategies employed. 
Hardware technologies encompass component technology, layout design of the 
cooling system as well as specific physical features. Control strategies relates to 
operating strategies and principles for the engine cooling system such as temperature 
set points, adiabatic system, optimum pumping requirement, optimise radiator 
performance and nucleate boiling. Key to the review is the identification of the effect 
of the various engine thermal management features on to the engine responses.
From the literature survey, it is clear that the operating temperature of the engine is a 
key issue which must be addressed in order to achieve the project objectives as NOx 
formation in Diesel engine is sensitive to temperature changes. It is also apparent that 
improvement in fuel consumption could be achieved by exploiting the relationship 
between the engine frictional losses and the engine cooling system but there could be 
some undesirable effect on the emission outputs of Diesel engines when the engine 
operating temperature is raised to achieve this. Novel cooling arrangements such as 
split cooling system or reverse cooling system have been seen contributing in this 
perspective by tackling the overcooled engine block without raising the temperature 
of the cylinder head. The improvement in engine performance through the engine 
cooling system can also be achieved by improving the efficiency of the system itself. 
This could achieving by adopting physical features such as precision cooling system 
or cooling jets to enhance the heat transfer efficiency of the system which allows the 
system to be downsized or, using control strategy such as optimal pumping rate and 
optimised radiator heat transfer to reduce the engine power wasted by the system.
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Figure 2.1 Figure showing the arrangement of the elements in a basic engine 
cooling system [www.centuryperformance/cooling.asp, 15-10-2007]
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Figure 2.3 Heat flux against surface temperature for different coolant flow speed 
with the coolant comprising of 50/50 ethylene glycol/water mixture [Finlay, 1985]
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Figure 2.5 Alternate layout design of a split cooling system [Okada, 1995J
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Figure 2.6 The resulting operating temperatures with the variation of control 
valve across engine speed [Okada, 1995]
Figure 2.7 Vertical position of the inlet and outlet point for the coolant in a 
reverse cooling system [Kulkarni, 1992]
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Figure 2.8 Cooling system layout and vapour bleed vents in a reverse cooling 
system [Kulkarni, 1992]
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Figure 2.10 Coolant gallery design to enhance coolant flow speed in vulnerable 
regions in the cylinder head [Clough, 1993J
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Figure 2.11 The integration of the bypass rail in the engine block to enhance the 









Figure 2.12 Comparison of engine warm up time with standard and precision 
cooling system [Clough, 1993]
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Figure 2.13 Insulated configurations evaluated to reduce cooling losses [Suziki, 
1986]
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Figure 2.15 The properties of the in-cylinder charge during combustion [Suziki, 
1986]
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Figure 2.16 The transverse drillings cast into the coolant gallery to create 
streams of cooling jets [Finlay, 1988J
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Figure 2.18 Additional drillings to induce cooling jet streams for thermally 
critical areas [Vagenas, 2004]
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Figure 2.22 Comparison of metal temperature in the standard cooling system 
and an advance cooling system with high temperature set point in the FTP75 
drive cycle test [Chanfreau, 2001]
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Figure 2.23 Rotary valve positions for various mode of operation [Krause, 1996J
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3 Understanding the effect of engine thermal management 
for the identification of the area of investigation
3.1 Appreciation of the project objective
The key challenge to improve the performance of the Diesel engine is the limitation 
imposed on the NOx emissions output in legislative drive cycle tests. This is made 
worse by the low temperature of the exhaust gas at low engine load which hinders the 
operation of the exhaust after treatment system, thus adding the emissions of CO and 
uHC to the problem. Even if the focus for improvement is only on the fuel 
consumption and NOx output, simultaneous improvements in both performance 
parameters are often difficult given the inverse relationship between the two. This is 
often the case in published studies on advanced engine cooling systems implemented 
on Diesel engines, where improvement in one area have negative effect on another.
Most of the previous work on advance engine cooling systems has been targeted at SI 
engines, where NOx emissions are not a critical issue. It is therefore necessary, to re­
evaluate the findings of these studies in the context of the Diesel engine. More 
importantly, the influence of the design and operation of the engine cooling system on 
the performance of Diesel engines need to be charted more clearly. This would 
provide clear indications into the pros and cons of different features of the engine 
cooling system, and highlight areas which can offer potential improvement. 
Consequently, any engine thermal management features which may have the potential 
to achieve the project objectives can be identified and studied with a suitable 
investigative approach.
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3.2 Relating the performance of the Diesel engine and the engine 
cooling system
From an analysis of published literature, the impact of changes to the engine cooling 
system on the performance of the Diesel engine can be categorised as follows;
1. Changes to the effectiveness or efficiency of the engine cooling system.
or
2. The effect of engine cooling on engine operation and the combustion process.
The following sections further elaborate on these links between the engine cooling 
system and the performance of Diesel engine.
3.2.1 The efficiency of the engine cooling system
The engine cooling system performs the function of engine thermal management but 
it consumes power from the engine. The efficiency of the engine cooling system in 
performing this function influences the power consumption of the system and hence, 
the fuel consumption of the engine. The engine cooling system can draw a substantial 
amount of energy from the engine, depending upon the capacity and type of engine. 
For a typical automotive engine, the coolant pump itself can draw up to 3 kW of 
power while the cooling fan can absorb a substantial 5% of engine power (Stone, 
1999). Considering that the rated power output of most engines used for light duty 
automotive application is less than 100 kW, the power consumption of the engine 
cooling system can make up a substantial proportion of the engine fuel consumption.
In practice, the power consumption of the engine cooling system depends on a 
number of factors including external factors such as ambient conditions. Undoubtedly, 
the key factor determining the efficiency and the power consumption of the engine 
cooling system is its design, and its efficiency varies across the engine speed and load 
range (Hochkonig et al, 1992). With the current arrangement of the coolant pump 
driven by a belt drive from the engine crankshaft, the power consumption of the pump 
is directly proportional to engine speed. This arrangement is often seen as one of the 
inefficiencies of the engine cooling system as the pumping work is proportional to the
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engine speed rather than the heat rejection requirement of the engine. In everyday 
driving conditions, the heat rejection requirement of the engine is relatively low given 
the low range of engine speed and loads seen in city driving. As engine cooling 
system are designed to cope with full load at all engine speeds, the system draws an 
excessive amount of power from the engine in urban driving conditions, causing an 
increase in fuel consumption, in the process of cooling the engine (Willumeit et al, 
1982).
This inefficiency of the engine cooling system is exploited in a number of studies 
where an electric coolant pump was used in place of the mechanical unit. Although an 
electric coolant pump can match the engine heat rejection requirement more 
accurately and also enable the engine warm up rate to be improved significantly (Ap 
et al, 1999), the high losses associated with the use electrical units could lead to 
increased fuel consumption if the system is not carefully designed and controlled 
(Couetouse et al, 1992). The same argument also applies to the cooling fan, albeit to 
a lesser extent as the commonly used viscous clutch arrangement does reduce 
unnecessary fan loads. In contrast to the coolant pump, many production vehicles are 
already fitted with an electrical cooling fan. As the cooling fan is not needed in extra 
urban driving or most everyday driving conditions, or during cold weather, the use of 
an electrical cooling fan avoids the losses incurred in the viscous clutch drive in the 
mechanical arrangement. Furthermore, the use of an electric fan improves packaging 
flexibility as the radiator and crankshaft pulley do not need to be in close proximity. 
This is particularly of benefit in transverse engine installations.
In engineering the design solution for the engine cooling system, both the coolant 
pump and cooling fan are merely matched to a required duty cycle to arrive at a 
solution. The real factor determining the efficiency of the engine cooling system is the 
effectiveness of the heat transfer processes. On the engine side, the heat transfer 
process from the metal structure to the coolant inside the engine dictates the 
efficiency of the system. Noting the two design points (hill climb performance and 
peak power operation) used in the design and sizing of the engine cooling system, the 
coolant flow requirements in these conditions dictate the size and characteristics of 
the coolant pump used. Thus, the more efficient the heat transfer process inside the
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engine, the lower the coolant flow rate requirement, allowing the use of a smaller 
pump that consumes less power.
Improving the heat transfer process inside the engine involves optimisation of the 
properties which increase the effectiveness of the heat absorption process of the 
coolant, such as in a precision cooling system. Various factors were considered, 
including the composition of the coolant (Robinson, 2001), coolant gallery design 
with cross drillings and intricate flow path around valve seat as well as surface finish 
of the galleries (Finlay et al, 1988 & Clough et al, 1996). In modem engines, 
optimisation of the coolant flow inside the engine is seen as one of the key approaches 
to improve the heat transfer effectiveness inside the engine. This is normally achieved 
with the use of computer tools such as computational fluid dynamics (CFD) and finite 
element analysis (FEA) software to iterate through countless designs which allow 
candidate designs which produce the best result across the engine operating range to 
be identified.
The objective of these works is to improve the coolant flow speed in specific regions 
inside the engine as it has been shown that the coolant flow speed is one of the 
principal factors governing the heat transfer process (Finlay et al, 1985). The object 
of the exercise is to achieve an increase in the coolant flow speed without a significant 
increase pressure drop in the coolant flow across the engine, negating the need for a 
more powerful pump. The use of these computer tools in the engineering of the 
engine cooling system is not only to improve its performance but also to avoid engine 
damage in due to regions of stagnant coolant inside the engine. Very often, the net 
result is a trade-off between high system efficiency and engine protection. In a 
modem Diesel engine, protecting the structural integrity of the engine is a challenge 
as the high power density of the engine intensifies the thermal load in critical areas of 
the engine.
One of these thermally critical areas inside the modem four valve Diesel engine is the 
exhaust valve bridge (EVB) where the passage of exhaust gas upon opening the 
exhaust valve transfers a large amount of heat into the exhaust valve seat and 
surrounding area. The metal sandwiched in between the two exhaust valves is the 
EVB. Due to its small volume and exposure to the hot exhaust gas, its temperature
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rises quickly as it is very difficult to cool due to its size and location, making it 
thermally vulnerable. To ensure such thermally critical areas in the engine do not 
exceeds their operating limits, the engine cooling system is designed to direct excess 
coolant flow to these areas, resulting in a trade-off between performance and safety. 
However, there are engine cooling systems that push into the margin of safety 
designed into system in search of higher system efficiency, such as systems based on 
nucleate boiling and evaporative cooling. While these systems show great potential, 
the issue of film boiling and OFI need to be addressed (Campbell, 2001).
Similarly, the sizing and, the resulting power consumption of the cooling fan depends 
on the heat rejection capability of the radiator under the specified conditions. On first 
inspection, it appears to be a simple case of optimising the size of the radiator and the 
fan to meet the specified demands, allowing optimal engine performance. Under 
closer scrutiny, the circumstances are much more complicated. While it is easy to 
oversize the radiator to enable the use of a smaller cooling fan which draws less 
power from the engine, the use of a larger radiator also increases the aerodynamic 
drag acting on the vehicle. The radiator or engine cooling pack contributes about 0.03 
to the drag coefficient (Cd factor) of a vehicle which translates to about 10% of the 
drag contribution of a modem vehicle (Garrone et al, 1986, Barnard, 1996 & 2000 
& Williams et al9 2002). If the radiator and the cooling fan are oversized, then the 
cooling pack would have a higher contribution to the drag coefficient of the vehicle, 
which in turn increases its share of drag force acting on the vehicle to more that the 
typical 10%. Aerodynamic drag is one of the main forces acting on a moving vehicle 
and it increases rapidly with vehicle speed as defined by the following equation;
_  1 2 F aerodynamic ~  C j A p V
Where F aerodynamic is the aerodynamic force acting on the vehicle (N)
Cd is the drag coefficient of the vehicle 
A is the effective cross sectional area of the vehicle (m2) 
p is the density of air (kg/m )
v is the relative velocity between the ambient air and the vehicle (m/s)
The increase in vehicle fuel consumption can becomes very significant at high vehicle 
speed as the aerodynamic force acting on the vehicle increases with the square of the
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vehicle speed. Thus this approach to produce fuel savings from one aspect of the 
engine cooling system can cost dearly on another. As such, the sizing of the radiator 
and the cooling fan needs to balance adequate cooling with low fuel consumption 
across the vehicle speed range. To counter this problem, some newer vehicles are 
designed with a minimal the frontal opening area, limiting the air flow through the 
radiator and engine compartment, as a measure to reduce drag. However this approach 
restricts the flow of natural ram air through the radiator in hill climb conditions, thus 
requiring increased cooling fan capacity.
Although use of the fan would tend to increase the vehicle fuel consumption, it is 
deemed acceptable in some vehicles as the operation of the cooling fan at an 
intermediate vehicle speeds improves the under bonnet air flow and reduces the 
contribution of the engine cooling system to the overall vehicle drag coefficient 
(Barnard, 2000). In some models produced by Mercedes, this trade-off in 
performance was avoided through the use of controlled louvers which closes part of 
the frontal opening area at high vehicle speed and opens wide at hill climb conditions. 
This allowed the optimal sizing of the radiator and the cooling fan without any fuel 
consumption penalty for any particular vehicle speed or driving terrain.
3.2.2 The effect of engine cooling on engine operation and the 
combustion process
Numerous studies on various advanced engine cooling systems have reported that the 
performance of IC engines can be influence by the way the engine is cooled. One of 
the key factors demonstrated in many studies was the effect of engine cooling on the 
engine frictional losses. The frictional losses in the engine were reduced by raising the 
operating temperature of the engine, indirectly increasing the temperature of the 
lubricant oil, which strongly influences frictional losses (Bartz, 2000 & 
Schwaderlapp et al, 2000). This approach was particularly effective at low engine 
speed and load where the engine cooling system tends to overcool the engine and 
increase the frictional losses. Although this approach had been applied to a SI engine 
with some success, the adoption of this approach on a Diesel engine has mostly been 
in the extreme sense, the adiabatic engine, where significant gains in fuel efficiency 
were achieved in some cases (Bryzik et al, 1989).
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The engine cooling system also affects the combustion process inside the Diesel 
engine through its influence on the volumetric efficiency of the engine. The concept 
of cooling the charge to increase its density and improve the volumetric efficiency of 
the engine is fundamental to the development of IC engines. The same principle 
applies to the use of a charge air cooler in turbocharged engines and EGR cooler 
when EGR is applied. Improvements in the volumetric efficiency of the engine imply 
that excess air is available for combustion, indirectly indicating the possibility of 
higher power density and thus engine downsizing. For Diesel engines, the increased 
availability of air is unlikely to have a significant effect on fuel efficiency, particularly 
at low load conditions, as they already run very lean.
From the perspective of emissions output, the increased availability of air implies that 
oxygen availability is increased, raising the possibility of increased NOx output. For 
this reason, the level of boost pressure which would deliver the maximum fuel 
efficiency is often not used, despite the flexibility offered by variable geometry 
turbochargers (VGT) fitted to modem Diesel engines. Most modem Diesel engine 
control strategies regulate mass air flow rate (MAF) instead of the manifold air 
pressure (MAP) as was the case in older engines, to produce a good balance between 
improved engine fuel consumption and low NOx output.
The more significant effect of engine cooling on the combustion process is its effect 
to the charge air temperature rather than changes in MAF. The importance attached to 
low charge air temperature is demonstrated by use of charge air coolers and EGR 
coolers to counter the negative effect of high boost pressure and EGR in this respect. 
By lowering the charge air temperature these devices enable both high fuel efficiency 
and low NOx output. This is reinforced by the findings from studies on adiabatic 
engine, where excessive charge air temperatures caused significant increases in NOx 
output and possibly led to lower fuel efficiency through deterioration of the 
combustion quality (Alkidas et al, 1989 & Suziki et al, 1986).
With demand for still lower NOx output, any gain in brake specific fuel consumption 
(BSFC) from lower frictional losses achieved by raising the operating temperature of 
the engine would most likely need to be traded off to compensate for the increased
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NOx output caused by the elevated operating temperature. With the addition of the 
reliability issues associated with increased operating temperature, lowering the NOx 
output by lowering the operating temperature of the engine may be a preferable 
approach to achieve the project’s objective of reducing fuel consumption and 
emissions through thermal management improvements. Instead of changing the 
operating temperature of the engine, novel concepts such as split cooling and reverse 
cooling have shown great potential in lowering frictional losses in SI engines without 
the drawbacks associated with increased operating temperatures. The flexibility 
offered by the split cooling system is particularly interesting although it is difficult to 
infer the effect of such a system on the performance of a Diesel engine given the 
differing combustion characteristics of SI and Diesel engines from published research.
3.3 Weighing the potential of the engine thermal management factors
3.3.1 Improving the efficiency of the cooling system
From an analysis of the literature, it appears that the potential for improving the 
performance of Diesel engines through improvements in the efficiency of the engine 
cooling system itself are quite limited. The improvement sought in this area is either 
through the reduction of the system power consumption through hardware refinement 
or the improvement of heat transfer effectiveness which lowers the coolant pumping 
or fan power requirement. Various improvements from both perspectives have been 
explored and, the features related to coolant gallery design to optimise the coolant 
flow have already been widely adopted in series production engines. The gains 
achieved from these refinements would be only observed in terms of fuel efficiency 
improvement in as the combustion process, which dictates emissions formation, is 
unchanged.
Refinements that improve the effectiveness of the heat transfer process have been 
thoroughly exploited, with the nucleate boiling region is already being used at peak 
load conditions in current production engines. While there is some room for 
improvement in the hardware of the engine cooling system, the use of electrical 
components requires further consideration due to power conversion and transmission 
losses. Mechanical devices with variable outputs such as variable flow pumps are
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preferable as they can tackle the problem of excessive pumping power at low loads 
without incurring the expense and inefficiency of electrical systems. Alternately, the 
coolant pump and the fan can be driven via a small gearbox to produce similar effect. 
Such coolant flow control is important in reducing heat loss during cold start as well 
as minimising the coolant pumping requirement at low engine loads and in cold 
climates. However, cost tends to be an overriding factor in practice, leading to a 
significantly simplified set of features that performs a partial function of an advanced 
engine cooling system (Etemad et al, 1999).
3.3.2 Reducing the frictional losses
Reduction of the engine frictional losses by raising the oil temperature is still a very 
attractive approach as the potential BSFC improvement is notable. The conventional 
approach used to achieve this, namely raising the operating temperature of the engine 
is likely to cause notable increases in the NOx output of Diesel engines, as in the case 
of the adiabatic engine. Given the circumstances, this again reduces the problem to 
the trade-off between BSFC and NOx output.
Although it is possible to raise the oil sump temperature without raising the operating 
temperature of the engine by using systems such as air flow shutters around the oil 
pan to reduce convective heat loss, the effectiveness of such approaches is 
questionable as the heat transfer rate from the lubricating oil to the coolant and engine 
structure would increase with the increased oil temperature, leading to similar effects 
on the resulting NOx output. In addition, the potential BSFC improvements are 
questionable as the engine frictional losses are dominated by the local oil temperature 
at the bearing surfaces and cylinder bores, which are governed by the large contact 
areas between the hot oil and cooled engine internals.
By contrast, the disadvantages associated with increased operating temperatures could 
be avoided with the use of an alternative cooling system designs such as split cooling 
or reverse cooling system. This would allow a measure of control over the largely 
overcooled engine block which contributes to increased frictional losses. A more 
robust way forward would be to minimise the influence of the engine cooling system 
on the oil system by insulating the unnecessary contact areas between the two systems
59
in places such as the oil feeds, camshaft bearings and oil return passages, thus 
decoupling the link between high oil temperature and high operating temperature, 
though this could be difficult to achieve in practice.
3.3.3 Lowered operating temperatures
One of the least explored areas for improving the performance of Diesel engine is the 
effect of engine cooling on the combustion process. This aspect of the engine cooling 
system has not been studied since the work on adiabatic engines showed that high 
temperatures can have various negative effects of the combustion process and NOx 
emissions. The reverse of this result suggests that NOx output can be reduced by 
overcooling the engine. This hypothesis is supported by the results from successive 
sections of an NEDC drive cycle test, shown in Figure 3.1 and Figure 3.2. Here the 
coolant and oil temperature, and the fuelling rate and NOx output are compared for 
similar ECE cycles immediately following the cold start (ECE1) and in a partially 
warmed up state (ECE4). The coolant and oil temperatures are between 60 and 40°C 
warmer in the fourth ECE cycle and it can be seen that the NOx output is significantly 
lower in the cold condition (ECE1). The fuel demand is higher in the cold ECE phase, 
however, and this is further illustrated in Figure 3.3, where integrated fuel use over 
each ECE cycle is presented. This indicates that the fuel consumption over a complete 
cycle at low temperature condition is significantly higher than in warmed up 
condition, 21% higher in this case. Such an outcome could be attributed in large part 
to the excessively low lube oil temperature immediately following the cold start. In 
contrast, Figure 3.4 clearly shows the integrated NOx output is notably lower (11% in 
this case) when the engine operating temperature and coolant inlet temperature is low.
3.4 Selection of engine thermal management factors for investigation
From the analysis of the available information, it was apparent that the scope for 
improvements in the efficiency of the engine cooling system was quite limited. 
Instead, achieving the project aims by exploiting the effect induced by the engine 
cooling system and its operating strategy was seen as more favourable. In addition, 
such an approach has the advantage of being able to benefit from any future 
improvement in hardware efficiency, or high efficiency heat transfer systems such as
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nucleate boiling or evaporative cooling when their associated issues are resolved. 
With most of the previous studies focusing on the concept of lower frictional losses 
with increase operating temperature, it was decided that it was worthwhile exploring 
the potential for lowering the NOx output by reducing the operating temperature of 
the engine. As this change was likely to cause an increase in engine frictional losses, 
features that counter this increase such as the split cooling system and a lubricating oil 
temperature control system needed to be included.
Thus, the engine thermal management features selected for further research were the 
following;
1. Lowering the operating temperature of the engine.
2. Variable operating temperature for each section of the engine.
3. Control of the oil sump temperature.
3.5 Selection of investigation methodology
The two principle methods that could be used to study the selected features are 
modelling and experimental. Each method has its strengths and weaknesses, in terms 
of capability, flexibility, accuracy, cost and speed. The modelling approach is widely 
used in engine studies because it allows investigation into a wide range of possibilities 
and configurations without the cost implication (Szekely et al, 1982, Ramos, 1989 & 
Ciesta et al, 2001). However, it lacks the accuracy and realism in predicting the 
emissions outputs offered by experimental methods (Brace, 1996, Ap et al, 1999 & 
Connor, 1999). For this study, modelling methods are deemed unsuitable as they 
have yet to demonstrate the level of sophistication required to account for the 
numerous phenomenon involved (Depcik et al, 2002, Desantes et al, 2002, Morel et 
al, 1999, Eiglmeier et al, 2001 & Zweiri et al, 2000). In order to capture fine details 
of the effects of thermal management features on the performance of a Diesel engine, 
detailed knowledge on the heat transfer process in the combustion chamber in a 
complete cycle is required.
The main hurdle to produce a good estimate of the effect of thermal variations within 
the engine is the necessity to predict the gas side heat transfer which is governed by 
the rapidly changing boundary layer thickness of the turbulent flow across the whole
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surface of the combustion chamber. An accurate estimate is required before the effect 
of the cooling system on the combustion process can be studied. Prediction of the heat 
transfer rate is crucial as the kinetics of NOx formation strongly depend on the gas 
temperature. As it is impossible to accurately estimate the spatial and temporal 
variation in the boundary layer thickness within a reasonable time frame, even with 
modem CFD software and high speed computers, studying such effects using 
modelling methods is not feasible. In addition, for the investigation into the thermal 
factors of interest, the micro scale phenomenological relationships, in areas such as 
heat transfer, tribology and combustion needed to model the problem are either crude 
or non-existent.
As such, given the nature of the engine thermal management features selected, 
experimental methods was the favoured approach. Due to the small changes in BSFC 
observed in a number of studies of the engine cooling system, an experimental 
method was preferred for this study as it is the only reliable means of capturing the 
details of the effects of changes in the engine thermal settings. This is in addition to 
the precise measurement of the various emissions outputs which can not yet be 
accurately predicted or modelled.
3.6 Consideration of the experimental investigation
An engine thermal management factor can take the form of a physical or a conceptual 
aspect of the engine cooling system. The specifics of each factor selected need to be 
known to allow their implementation and control in an experimental study. This 
allows the hardware requirement as well as the control variable/s that influence each 
factor to be identified.
The first factor, lowering the operating temperature of the engine, relates to the 
conceptual side of the engine cooling system. This factor is known to be influenced 
by a number of different operating parameters of the engine cooling system, from the 
coolant temperature and flow rate to the system pressure and coolant type. Among 
them, the most effective way to achieve the desired change to this factor is to lower 
the coolant feed temperature in a controlled manner. Physically, the feature can be in
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the form of a larger heat exchanger or bigger external cooling fan for the radiator with 
some form of control on the cooling flow.
The second feature, variable operating temperature of each section of the engine, 
would require changes in both the hardware and software of the engine cooling 
system. The approach identified to realise this feature is a split cooling system, where 
the level of cooling of the cylinder head and engine block can be varied 
independently. With this feature, there are a number of different possibilities for the 
experimental implementation, varying from a completely separate cooling circuit for 
each section of the engine to a system where the existing engine cooling system is 
retained with the addition of a diverter valve at the coolant inlet of each section. 
Common to both approaches is the control of coolant flow rate.
The third feature, the control o f the oil sump temperature, is quite similar to the first 
feature as both are aspects of the cooling system operating strategy. However, the 
physical implementation of this feature can be diverse, varying from control of the 
cooling at the oil cooler to the control of the air flow in the vicinity of the oil pan.
3.7 Additional considerations for the experimental investigation
3.7.1 Observation of the metal temperature of the engine
The thermal state of the engine at a particular engine speed and load condition is 
dependent primarily on the coolant temperature and flow rate, and a change in the 
cooling levels applied to the engine would have a corresponding effect on metal 
temperature. Although there are spatial variations in the temperature and heat flux 
within the metal across the engine structure with coolant flow properties, the 
observation of the engine metal temperature would give an indication of the thermal 
state of the engine. The interest in the observation of metal temperature lies in the 
possibility of correlating the change in BSFC and emissions output to changes in 
engine metal temperature as this is a more direct measurement of the boundary 
conditions affecting both combustion and tribology within the engine.
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Developing a correlation between the change in the thermal condition and the engine 
outputs is important for widespread implementation of advance thermal management 
features on Diesel engines as it enables a straightforward and cost effective means of 
establishing a precise control strategy for the engine cooling system. Even though 
current engines have a temperature sensor installed to provide a metal temperature 
feedback to the ECU to determine the optimum settings for the engine control 
parameters, the sensor reading is not used to control the engine cooling system. Even 
in experimental studies, this reading is not used because it does not give a 
representative measure of the thermal state of the engine, particularly in the thermally 
critical regions. By installing a series of temperature sensors to give a representative 
reading of the thermal state of the engine, a simple strategy could be developed and 
implemented within the engine ECU to control the engine cooling system. This would 
have cost implications but avoids the need for additional processing capability within 
the ECU to predict metal temperature based on complex models, as in some studies of 
advance cooling systems (Chanfreau et al, 2001).
3.7.2 Evaluation of engine control parameters
As part of this study is to utilise the flexibility within the engine control parameters to 
optimise the outputs of the Diesel engine, the effects of the change in the settings of 
the engine control parameters must also be evaluated. An evaluation of the responses 
of the engine control parameters would indicate the available flexibility to optimise 
BSFC and the emissions output with changes in engine thermal management. It also 
allows comparison between the effectiveness of thermal management changes and 
conventional engine control parameters. The gains made through refined engine 
thermal management would be devalued if the same improvement in engine 
performance can be attained by adjusting the engine settings, without additional cost 
and effort.
The engine control parameters used to make this comparison are the start of injection 
timing and EGR ratio. These are the two principal engine control parameters that 
regulate the performance of modem Diesel engines. Although there are other 
parameters such as VGT control and fuel injection control, these depend on hardware
64
availability and ability. The inclusion of too many parameters also complicates the 
optimisation problem because of the interaction between these factors.
3.8 Concluding remarks
An in depth analysis into conventional understanding on the performance of Diesel 
engine and findings on studies on advance cooling system has identified key areas in 
which the engine cooling system can be used to influence the performance of the 
engine. Further consideration into these key areas notes the advantages and pitfalls of 
various features in relation to Diesel engines, thus providing the basis for the selection 
of the thermal features for further investigation. As the formation of NOx emissions in 
the Diesel engine during combustion is temperature sensitive, any increase in the 
engine operating temperature to lower the engine fuel consumption would cause the 
NOx output to increase.
It was decided that the NOx emissions could be targeted directly by lowering the 
operating temperature of the engine. As this would cause the engine fuel consumption 
to rise due to the increase in the engine frictional losses, other thermal features are 
needed to counteract this effect. A split cooling system can assist in this respect as it 
is capable of preventing the engine block from being overcooled, which would lead to 
increased frictional losses. As the lubricant oil temperature is the key factor 
influencing the engine frictional losses, the control of its temperature is also a 
necessary feature of this study.
Having considered the nature of the thermal factors of interest, it was decided that an 
experimental study was the most appropriate approach for this investigation. Noting 
the project aims, the experimental studies would also include the observation of 
engine metal temperature and the effects of conventional engine control parameters 
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The previous chapter identified the key engine thermal management features to be 
investigated. These were reduced operating temperature, split cooling and lubricant 
oil temperature control. Having determined that an experimental approach is the most 
effective method by which to study these features, various considerations had to be 
made on the specifics of the experimental investigation. These ranged from the scope 
of the experimental investigation to the specifications of the test rig. The setup of the 
test engine and the implementation of the thermal management features on the test 
engine are addressed here, along with the specifics of the test program.
4.2 Specifics of the experiment studies
The use of experimental methods to study engine thermal management features 
implies engine test work. As such, the selected engine thermal management features 
needed to be implemented on a Diesel engine before being tested in an engine test 
cell. There were many factors that needed to be considered including the type of test, 
the setup requirements and the control parameters. The consideration of the study also 
included the feasibility of implementation and controllability, as well as cost.
4.2.1 The test approach and the design of experiment
There are two different approaches in engine testing, one is steady state testing and 
the other is transient testing. In steady state tests, the engine speed and load is held 
constant while transient testing is conducted with varying engine speed and load. 
While both types of test can be used to study the thermal features selected, steady 
state test is more suitable as a starting point to quantify the effects of the selected 
features. For these tests, the classical experimental approach where one variable is 
changed at one time was used instead of other approaches such as Taguchi methods 
because such a methodology gives a clearer picture of the effect caused by each 
change. Although this approach requires many more test runs, the results would 
provide a clear insight into the characteristic of the responses of Diesel engine to 
engine thermal management factors. The traditional test approach also minimises the
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need for an interpretative stage in the process, usually achieved by building a 
numerical response model from the raw data. This operation involves a considerable 
risk that the resulting model will mask real features of the response (generally due to 
insufficient quantity of data or an inappropriately chosen low order model) or else 
exaggerate the effect of errors in isolated data points.
4.2.2 Implementing the selected engine thermal management features
To proceed with the experimental investigation, establishing the means of 
implementing the selected engine thermal management features is a key part of the 
process. For the first feature, the increased amount of cooling required to lower the 
operating temperature of the engine was achieved by using the engine test cell cooling 
system rather than the vehicle radiator. The engine test cell cooling system in place 
has enormous cooling capacity and it is capable of providing coolant at nearly room 
temperature with high flow rate. Heat is rejected to atmosphere via a large bank of 
external heat exchangers and cooling fans, and the level of cooling provided is 
regulated by a flow control valve that can be controlled by the test cell computer. This 
flow control valve can then be programmed to regulate a certain parameter such as 
cell coolant inlet temperature or engine coolant outlet temperature. To study the effect 
of lower engine operating temperature, the control system was configured to control 
engine coolant inlet temperature.
The implementation of the second feature was much more complicated as there are 
significant challenges to the creation of a split cooling system. The main challenges 
for the implementation of a split cooling system in this study lay in the coolant flow 
inside the engine. In a split cooling system, the cylinder head and engine block each 
have independent coolant inlet and outlet points. This implies that the coolant flow 
inside the engine must depart from the conventional arrangement where the engine 
only has one inlet and one outlet. Although it is not difficult to engineer such a design 
from scratch for a purpose built engine, manufacturing issues in addition to cost 
considerations were prohibitive for this study. Instead, the system was based on an 
existing production Diesel engine by modifying the cooling circuit. Modifications 
included isolating the cylinder head and engine block coolant flow in the existing 
engine cooling system and the introduction of addition coolant inlet and outlet points
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on respective section of the engine, in addition to a redesigned external cooling 
circuit.
With a split cooling system, there are many possible layouts for the circuit design, 
each with their unique qualities in terms of simplicity and limitations. While most 
previous studies on split cooling system have opted for independent circuits and 
hardware for each section of the engine, split cooling can be achieved using shared 
components. The circuit can share the radiator at the very least, and may share the 
coolant pump and flow control valve to achieve a compact design. As the first thermal 
factor was to use coolant temperature as a control parameter, the control parameter for 
studying of the effect of split cooling would need to be variation of the coolant flow 
rates through the different sections of the engine. The solution also needed to take into 
account durability concerns by avoiding stagnant coolant flow in thermally critical 
regions, which would lead to localised overheating. The effect of spatial variation in 
the metal temperature from one cylinder to another also needed to be considered to 
avoid unacceptably high thermal stresses within the engine structure.
For the control of the oil sump temperature, an additional coolant pump and flow 
control valve was introduced to control the coolant flow through the standard 
production oil cooler. The production solution had no such control, as the cooling 
level varies as a function of engine speed and coolant temperature.
4.2.3 The key measured parameters
During the experimental tests, a number of parameters needed to be measured to 
derive the observed variables. While there are a large number of parameters that need 
to be observed and logged to ensure test repeatability and correct operation of the 
system, the key measured parameters were the fuel flow rate, the emissions output 
and the operating parameters of the engine cooling system. The measurement of fuel 
flow rate was required to observe the change in the engine’s fuel consumption as well 
as to calculate other secondary variables such as the brake specific emissions outputs. 
Obviously, the measurement of the emissions output was needed to observe the effect 
of the thermal changes on the emissions output of the Diesel engine. The emissions 
that needed to be observed included NOx, CO, uHC, CO2 and O2 .
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The observed emissions did not include PM since this has become less important as 
the use of a particular filter that can effectively remove PM is commonplace in newer 
vehicles. The emissions of CO and uHC were still observed because the oxidation 
catalyst only functions within certain temperature range, unlike the particular filter. 
The operating parameters of the engine cooling system were also key measured 
parameters as the object of this study is to investigate the effect of the thermal 
changes and thus the observation of the thermal parameters are required. The 
temperature of the coolant at various inlet and outlet points, and its flow rate are vital 
measures. Further, the metal temperatures of the engine structure as well as the 
lubricant oil temperature are also key observations.
4.3 The experimental setup
The following sections describe the test engine used with regard to the modifications 
made for the experimental studies. Subsequent sections also describe the engine test 
facility used for the experiment study.
4.3.1 Test engine and modifications
4.3.1.1 Specifications of the base engine
The base engine used to build the test engine was a mass produced 2.4L turbocharged
DI (Direct Injection) Diesel engine used in light duty vehicles. It was an inline 4
cylinder engine with 4 valves per cylinder. The fuel delivery system, injectors and 
pump, were both mechanical. The engine was equipped with an EGR cooler and air 
cooled intercooler that enabled the rated power of 93kW.
4.3.1.2 The engine cooling system of the base engine
The layout of the engine cooling circuit of the base engine is represented 
schematically in Figure 4.1. It consists of all the components typically found in the 
engine cooling system of a modem Diesel engine, differing only in the positioning of 
individual units in the cooling system. The design indicates the usual trade-off 
between high system efficiency and engine protection at high rates of heat rejection.
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The positioning of the oil cooler directly at the coolant pump outlet is possibly due to 
the heat rejection requirement of the lubricating oil at limiting conditions even though 
this is likely to cause overcooling of the lubricating oil at low load conditions. In 
addition, the outlet from the cabin heater is redirected straight back into the coolant 
pump instead of to the thermostat, which would reduce heat loss during cold start and 
improve warm up rate but would also increase the temperature of the coolant fed into 
the engine at high load conditions.
Within the engine, the coolant flow path in the cylinder head and engine block is 
shown in Figure 4.2 and Figure 4.3 respectively. The coolant feed from the coolant 
pump enters the engine through a manifold which is connected to the engine block at 
the openings marked in red, in Figure 4.3. The coolant flows around the coolant 
jacket as it rise to upper sections of the engine block before entering the coolant 
galleries inside the cylinder head. The holes on the head gasket in between the 
cylinder head and engine block allow the coolant to flow from the coolant jacket in 
the engine block into the coolant galleries in the cylinder head. Most of the coolant 
flow from the coolant jacket is directed to regions around the valve seats in the 
cylinder head as these are the thermally critical areas in the engine, as in Figure 4.2. 
The arrows in the figure show the approximate position in which coolant from the 
coolant jacket enters the cylinder head.
Due to the complex and elaborate three dimensional flow passages inside the cylinder 
head, the coolant flow depicted in Figure 4.2 is a simplification of the actual 
condition. The structures which hold the fuel injectors in the middle of the inlet and 
exhaust valves are also omitted from the figure to simplify the drawing. The essence 
of Figure 4.2 is the convergence of the coolant into a single stream that flows in 
between the inlet and exhaust valves positions and exits the engine at the front of the 
cylinder head. The key note about the design of the coolant galleries of the engine is 
that the coolant temperature and flow rate in the same region in each cylinder does 
differ from one another. It is deemed impossible to design the coolant gallery in such 
a way that the resulting metal temperature is similar at the same point in different 
cylinders given the complex flow paths. Consequently, there are spatial variations in 
the metal temperatures inside the engine.
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4.3.1.3 Modification to achieve split cooling arrangement in the engine
The modification of the base engine cooling system to create a split cooling 
arrangement in the engine structure requires knowledge of the engine structure and 
the coolant flow path inside the engine structure. As the implementation of the split 
cooling system in the base engine involved significant changes in the coolant flow 
inside the engine structure, care needed to be taken to ensure that the coolant flow at 
thermally critical regions was not stagnant to avoid steep temperature gradients in the 
engine structure, possibly leading to catastrophic failure. The key criteria with regard 
to the modification of the engine cooling system are similar to the following rules that 
are observed in the design of any cooling system;
1. Ensure that there is sufficient coolant flow in thermally critical regions and 
stagnant flow are minimised.
2. Ensure that the temperature of a particular region in the engine structure does 
not exceed critical limits and differs significantly from adjacent regions.
In order to create the split cooling arrangement in the base engine, the first 
modification to the engine was to replace the existing heat gasket with one which did 
not have any holes that allow coolant to flow between the engine block and cylinder 
head in either direction. A special head gasket was procured with every coolant hole 
blanked off but other holes for oil passages and head retaining bolts were left 
unchanged. By using this gasket in place of the standard gasket in the base engine, the 
coolant flow in the cylinder head and engine block can be isolated. With this change, 
both sections of the engine required a coolant feed and outlet point to enable coolant 
flow.
As an interpretation as well as extension to the second criterion on the modification of 
the engine cooling system, the coolant flow rate around each cylinder of the engine 
should be of a similar order and the temperature difference between similar points on 
each cylinder should be in the order of ±5°C. This limit was set, not only to avoid any 
thermal distortion in the engine structure but also to minimise the scatter in the 
experimental results. These deviations in metal temperature can be avoided or at least 
limited by inducing even flow distribution in each cylinder. Knowing that the
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distribution of the coolant flow in a particular section of the engine is dependent on 
both the location of the inlet point relative to the outlet point, and the flow paths in 
between the inlet and outlet point, the positioning of the coolant feed or outlet point is 
important to meet the afore mentioned criteria. For this reason, the choice of position 
for the inlet or outlet point for the engine block and the cylinder head were limited.
Finding suitable locations to create an inlet or outlet point for the coolant on the base 
engine was difficult because there were various factors that need to be considered in 
addition to the criterion mentioned above for the modification of the engine cooling 
system. Above everything else, there were numerous obstructions on the outer wall of 
the coolant jacket and the coolant galleries where a coolant feed or exit point could be 
introduced. Further to this, the surface of the outer wall of the engine was not uniform 
and the thickness of the wall was on the lower limit for mounting a coolant feed or 
exit point. The optimised structure of the base engine for lightweight and easy 
manufacturing meant that the thickness of the outer wall surrounding the coolant 
jacket was typically in the region of 7mm, making it difficult to introduce additional 
attachments even with very small fasteners. Thus it was easier to reuse the existing 
coolant feed and outlet points, thus reducing the requirement to one additional inlet 
and one outlet, instead of introducing a pair of new coolant feed and exit points on 
each section of the engine.
For the cylinder head, the primary concern for the modification was engine integrity 
in thermally critical areas like the EVB. With the blanked off gasket, the existing 
coolant feed to the EVB was lost and failure to cool this region would lead to 
catastrophic failure of the engine. Accessibility was a problem as the access to outer 
wall of the coolant galleries is obstructed by the intake manifold, exhaust manifold 
and the fuel injection pump. As such, the coolant feed to the EVB had to be 
introduced via the small patches of flat surface in between the attachments of the 
exhaust manifold to the cylinder head, on the exhaust side of the engine. However the 
presence of bolt holes and fasteners as well as oil galleries in the region of the 
cylinder head severely limited the size of the openings that could be made.
To overcome this problem, a 5.5mm hole was drilled at an angle to the surface of each 
of the four patches, reaching into the coolant gallery around the EVB. Then, a shaped
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hypodermic tube with an internal diameter of 5mm was affixed to these holes with a 
metal filled epoxy sealant as in Figure 4.4, forming the new coolant feed point for the 
cylinder head. A significant advantage of this modification was that these coolant 
feeds lead directly into the EVB and regions around the exhaust valve seats, replacing 
similar coolant feed from the engine block in the base configuration, thus satisfying 
the engine integrity concerns. The constrained nature of the modification made can be 
seen in Figure 4.5 showing the position of these EVB feeds to the exhaust manifold. 
Although this modification would ensure that the EVB was sufficiently cooled, the 
coolant flow rate through the small cross sectional area of the hypodermic tube was 
insufficient to cool the cylinder head at high engine load conditions.
This is the direct effect of high pressure drop in the coolant flow in narrow cross 
sectional area around the EVB. Even when the flow rate is sufficient, the coolant feed 
from the exhaust side of the engine would cause negligible cooling around inlet valve 
seats as the bulk of the coolant would converge to the main coolant flow in the middle 
of the cylinder head as the coolant would flow through the path of least resistance to 
reach the exit point at the front of the cylinder head. Although the inlet side is not as 
thermally loaded as the exhaust side, it can also be thermally vulnerable if it is not 
cooled. To counter this problem, an additional coolant feed point was added at the 
back of the cylinder head as the main coolant feed, as shown in Figure 4.6.
This coolant feed ensured that there was sufficient coolant flow around the inlet valve 
seats and fuel injectors as well as the bridges of the inlet and exhaust valves. The 
likely resulting coolant flow inside the cylinder head is as depicted in Figure 4.7. As 
the coolant gallery was designed and optimised for a different flow circuit, there were 
uncertainties about the resulting temperature variation inside the cylinder head. With 
similar EVB coolant feeds on the exhaust side of each cylinder, the coolant flow rate 
through each cylinder gradually increases from the 4th cylinder to the 1st cylinder bank 
as the coolant flows through from the back to the front of the cylinder head. Although 
variation in the cylinder head metal temperatures was expected, it was necessary to 
evaluate the magnitude of the variation using metal temperature sensors.
The problems encountered in the course of modifying the engine block were similar 
to the modifications of the cylinder head. The coolant feed point of the base engine on
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the inlet side of the engine block was reused due to the lack of accessible outer wall to 
the coolant jacket that could accommodate a new coolant inlet and outlet point. This 
limited the location for the new coolant inlet or outlet point to the exhaust side of the 
engine block because of the need to achieve uniform coolant and metal temperature 
distribution in the engine block. The resulting modification to the engine block was 
the introduction of five coolant feed points on the exhaust side of the engine block, 
while the coolant inlet manifold of the base engine was used as the coolant outlet 
point. The probable coolant flow in the modified engine block is shown in Figure 4.8.
A plan view of the engine block is used in Figure 4.8 because the new coolant feed 
point is at similar elevation to the existing coolant manifold, where their centre point 
is about 30mm from the top face of the block. To make each of these new coolant 
feed points, a 20 mm hole was drilled from the outer wall of the engine block into the 
coolant jacket and purpose made coolant manifolds were fastened over these holes, 
with the end result seen in Figure 4.9. Similarly, the constrained nature of the 
modification made to the engine block can be seen in Figure 4.10, where the new 
engine block coolant feeds narrowly avoid the exhaust manifold. The use of the cross 
flow arrangement where the coolant flows from the hot exhaust side to the cool inlet 
side was expected to be beneficial in terms of reduced temperature variation across 
the engine. It also favours higher heat transfer rate o f the coolant as the cold coolant is 
directed at the top end of the exhaust side of the engine block which is the hottest part 
of the engine block instead of being fed to the relatively cool inlet side of the engine 
block, partially compensating for the loss in cooling efficiency due to the shorter flow 
path.
4.3.1.4 Measurement of metal temperature
As part of the study, quantifying the thermal state of the engine structure through the 
observation of metal temperature would require instrumentation of the engine 
structure with temperature sensors. The temperature sensors normally used for such 
tasks are shielded k-type thermocouples. With regard to metal temperature sensing, 
there are a few points which need to be noted. One of which is responsiveness of 
measurement as some region of the engine are less thermally responsive due to 
stagnant coolant flow. This factor is critical for warm up tests as installing
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temperature sensors at unresponsive regions would show a significant lag in engine 
warm up. It also relates to the safety of the system, as metal temperature sensing at 
thermally critical regions would indicate whether it would be safe to proceed with the 
testing.
The location of the thermocouples was critical because the engine structure is exposed 
to both heating and cooling effect. In particular, metal temperature sensing in regions 
close to the combustion chamber is exposed to inference effect from the high 
combustion temperature and low coolant temperature. It has been reported that the 
variation in the surface temperature on the gas side of the combustion chamber from 
the cyclic combustion process would penetrate up to 2mm into metal structure, thus 
interfering with the metal temperature measurement if it is affixed too close to the 
flame face of the combustion chamber. Similarly, the low coolant temperature induces 
steep temperature gradients on the surface region of the coolant gallery, making the 
metal temperature reading dependent on the local coolant flow rate and temperature. 
The usual convention for metal temperature measurement around the combustion 
chamber is to embed the thermocouple tip about 2mm from the flame face of the 
combustion chamber for the most indicative measurement (Robinson, 2001).
A total of six thermocouples were fitted in the cylinder head in two groups of three. 
The grouped thermocouples were installed at similar locations on the second and 
fourth cylinders. One is located in the EVB while the other two are in the IEVB as 
indicated in Figure 4.11. The tip of the thermocouples were inserted at a depth of 
2mm away from the flame face of the cylinder head to give a reliable reading of the 
local cylinder head metal temperatures as in Figure 4.12. The use of these 
thermocouples would provide an indication on the temperature gradient along the 
cylinder head as well as indicate the range of the EVB and main flow in the cylinder 
head required for small temperature variation.
On the engine block, there were eight thermocouple installed in groups of two for 
each cylinder. Each thermocouple was inserted to the depth of 2mm from the cylinder 
bore as shown in Figure 4.13. For each cylinder, the thermocouples were positioned 
at 10mm and 60mm from the top face of the cylinder block as shown in Figure 4.14. 
These locations were chosen because they closely reflect the thermal state of the
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engine block and are in the region where the thermal management factors should have 
a strong influence. The readings from these thermocouples would also show the 
variation in the metal temperature along the bore as well as in between each cylinder 
bank.
4.3.1.5 Measurement of lubricant oil temperature
As the lubricant oil temperature was one of the key observed parameters, it needed to 
be measured and observed. To measure the lubricant oil temperature, a k-type 
thermocouple was inserted into the oil sump of the engine to a sufficient depth to 
ensure that the tip of the thermocouple was immersed in the lubricant oil at all times. 
This ensured that the measured temperature was representative of the actual lubricant 
oil temperature.
4.3.1.6 The modification and instrumentation of the engine cooling circuit for 
experimental study
With the modifications made to the engine to create a split cooled arrangement, the 
layout of the engine cooling circuit needed to be adapted to complement the changes. 
Due to the changes in the coolant flow regime inside both sections of the engine, the 
existing coolant pump of the base engine would not be able to provide the required 
range of coolant flow for both sections of the engine. The range of coolant flow 
available was important because the effect of the flexibility offered by split cooling 
system was to be studied by varying the coolant flow rate through individual sections. 
Consequently, individual coolant pumps were used to circulate the coolant for each 
section of the engine. To achieve the flexibility in the control over the coolant flow 
over the wide range required in this study, the coolant pumps were driven by electric 
motors, as in Figure 4.15, and their speeds were controlled using the test cell host 
computer.
For the cylinder head, a diverter valve was added to the outlet of the coolant pump to 
vary the ratio of coolant flow through the main coolant feed and the EVB feeds. This 
offered flexibility to the control of the cooling system to compensate for inadequate 
cooling at the EVB caused by high pressure drop in the experimental system. These
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losses were unavoidable as accessibility, mounting and safety issues in the test cell 
forced the positioning of the coolant pump and other components away from the 
proximity of the coolant inlet points, thus requiring the use of long coolant hoses. The 
flow meters used to measure the coolant flow rate in each leg of the circuit also 
contributed to this problem as they required a length of straight and uniform coolant 
flow before and after the meter to give an accurate reading.
The measurements from the flow meter not only gave an indication of the changes in 
coolant flow rate but also allowed an assessment of the change in the heat rejection 
rate of the engine in conjunction with the temperature data. In addition to flow meters, 
the cooling circuit was also instrumented with thermocouples to measure coolant 
temperature at key locations, at inlet and outlet points of all components. The 
resulting design of the cooling system can be seen schematically in Figure 4.16. From 
an experimental point of view, the flow meters not only performed the safety function 
of indicating the operational status of the coolant pump but also provided the key 
readings needed to ensure to the consistency of the test results. This issue arose 
because the parallel flow design used in the modified engine cooling circuit causes 
interaction between the flows.
The circuit also includes the oil cooler line which was separated into an independent 
path. Similar to the cooling arrangement for the engine, a separate electrical coolant 
pump was used to circulate the coolant to the oil cooler. The parallel configuration 
was used in the modified circuit because it allowed each section of the engine to have 
the maximum level of cooling for any given coolant flow rate and yet still remain a 
practical setup. The cabin heater was omitted from the system as it was not important 
to this study while the EGR cooler was located on a parallel circuit at the outlet of the 
engine block, where its flow was regulated by the flow control valve on the opposite 
line. The purpose of this arrangement was to control the coolant flow rate through the 
EGR cooler and hence the resulting EGR gas temperature. As it has been reported that 
the change in EGR gas temperature can affect the engine’s fuel consumption and 
emissions output (Ladommatos, 1998), maintaining near constant EGR gas 
temperature during the experimental tests was critical to avoid increasing the 
experimental errors.
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The drawback of this design was the interaction between the coolant flows rate in 
each line when the coolant flow rate in one of the lines was varied. At the points 
where the parallel flows diverge and converge, at the inlet and outlet of the heat 
exchanger, the pressure of the fluid in each branch is equal. Due to this pressure 
balance in the circuit, the interactions became significant when one of the lines had a 
very high flow rate while another are very low, thus limiting the possible range of 
flow combinations. This problem would predominantly affect the coolant flow 
through the cylinder head and engine block only as the coolant flow through the oil 
cooler and EGR cooler is usually small given the pressure drop. Although it would be 
ideal to have independent circuits for each section of the engine as in some of the 
previous studies, practical issues related to the physical installation and control of 
each circuit, as well as cost implications overrode the use of such an approach. Even 
without the additional hardware required for independent circuits, the myriad of hoses 
(seen in Figure 4.17) required for the modified engine cooling system when installed 
in the engine test cell was already complex.
4.3.1.7 Additional engine instrumentation
In addition to the thermocouple affixed to the engine structure and the engine cooling 
circuit, thermocouples were also installed on the engine to measure the gas 
temperature at different points around the engine as indicated in Figure 4.18. The 
measured gas temperatures included, the intake air, pre-intercooler, post intercooler, 
inlet manifold, exhaust manifold, post-turbo and post-EGR cooler. These 
measurements were taken to ensure the consistency of the test results. The 
measurement of these temperatures allows online or offline correction measures to be 
taken; either through the use of test cell controls to regulate these parameters or the 
development o f the correction factors that can be applied to the test results.
The gas temperatures also indicate the effect of the thermal management factors to 
other aspect of engine performance, for example, changes in the pre and post-turbo 
temperature would have an impact on boost pressure and catalyst performance. In 
addition to gas temperatures, gas pressures were measured using pressure transducers. 
The pressure readings were taken without fitting the pressure transducers directly onto 
the engine like the thermocouple due to packaging constraints around the engine as
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well as to avoid possible damage to the transducers through prolonged exposure to 
high temperatures. Instead, pneumatic tubes were used to relay the gas pressure from 
the engine to the pressure transducer via a short length of hypodermic tube attached to 
the sampling point.
With this setup, the hypodermic tube helps to reduce the gas temperature particularly 
when exhaust gas is sampled and prevents the pneumatic tubes from melting. The 
measurements of the gas pressure also ensures the consistency of the test results in 
terms of repeatability of boost pressure and allows the turbocharger performance to be 
monitored. A mass air flow (MAF) sensor was installed at the air intake. The 
measurement of MAF is critically important as it shows whether the thermal 
management factors have any significant effect on the engine’s volumetric efficiency. 
MAF measurement is also important as it allows the calculation of the brake specific 
emission outputs. All of these sensors are wired to the test cell computer via signal 
conditioning cards which convert the analogue signal from the sensors to digital 
readings. Each channel on the signal conditioning card is calibrated individually 
depending on the type of sensor and operating range to ensure that the correct reading 
is taken.
4.3.1.8 The control parameter of the thermal management factors
With the setup of the engine cooling system completed, the control of each of the 
thermal management factors was established. As mentioned, lowering the operating 
temperature of the engine was achieved by controlling of the coolant inlet temperature 
of both sections of the engine. This parameter was controlled by regulating level of 
cooling available to the heat exchanger using the test cell cooling valve. The coolant 
inlet temperature can be adjusted manually by changing the test cell coolant valve 
opening on the test cell computer or alternatively, a control loop can be set up to 
perform this function automatically. Although convenient, the lag between the change 
in the test cell coolant valve opening and the change in the coolant inlet temperature 
due to the high thermal inertia of the engine and cooling system makes automatic 
control oscillatory in nature.
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In a similar fashion, the control of the level of cooling applied to each section of the 
engine in the split cooling arrangement was achieved through the control of the 
coolant flow rates. This was dependent on the output of the electric motors driving the 
individual pumps, which were controlled by the test cell control system. This allows 
the coolant flow rates through the cylinder head and engine block to be controlled in a 
similar way to the coolant inlet temperature. A similar arrangement was also used to 
control the coolant pump that was used in the oil cooler circuit.
4.3.1.9 The control of the engine cooling system upon engine start
With these changes made to the engine cooling system, the modified system needed to 
be configured to function as soon as the engine was started. A control scheme needed 
to be setup as an initial approximation to replace the conventional link that was 
removed when the engine cooling system was modified, where the coolant pumping 
rates were determined by the engine speed and the thermostat regulated the proportion 
of coolant flow through the engine. The first step was to set the coolant inlet 
temperature to about 80°C using automatic control of the cell cooling valve. Next, the 
minimum demand on the electric motor of each coolant pump for the minimum 
detectable flow was established. This determined the minimum demand on the electric 
motors when the engine was idling.
From there, the coolant pump drive motor was brought under the control of the test 
cell computer to give an output proportional to engine speed with reference to the 
minimum demand. This setup was tested and calibrated to overcool the engine at most 
operating conditions. This ensured safe operation of the engine during start up and 
during transitions to the modal test point. During the test, the automatic control of the 
coolant pump was disengaged, allowing these settings on the electric motors to be 
changed manually to conduct the experiments.
4.3.1.10 Setup for safe operation
Due to the considerable modifications to the engine structure, particularly around the 
EVB with the modified coolant feeds and instrumentation of the thermocouples, the 
structure of the cylinder head was likely to be less sound than the base configuration.
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It was difficult to assess the margin or the limit of the structure from a thermal 
perspective as the conventional limit on Diesel engine operation is given in peak 
pressure and does not directly indicate cooling system conditions. To ensure safe 
engine operation during the experimental tests, a number of safety functions were 
implemented on the test cell computer to impose limits on engine operation during the 
tests. Specifically, a high limit of 135°C was set for the EVB and the inlet exhaust 
valve bridge (IEVB) temperature which would trigger the engine shut down to avoid 
any potential damage. The engine shut down trip was also triggered by the coolant 
flow to the cylinder head when no flow was detected. These trips were addition to the 
existing forced engine shut down when test cell supplies such as cell cooling or 
compressed air, which are used to operate a number of test cell actuators, becomes 
suddenly unavailable.
4.3.2 The test cell setup
4.3.2.1 The engine test cell and engine setup
The engine test cell used to evaluate the modified test engine was consisted of the 
hydraulic dynamometer and various measurement devices. The test engine was 
connected to the dynamometer via a gearbox and driveshaft as in Figure 4.19. The 
dynamometer absorbed the power generated by the engine and could also emulate the 
load characteristic on the engine for various driving conditions, such as motoring the 
engine to emulate downhill driving. It achieves this through the combination of a 1 
tonne flywheel and positive displacement servo motor and pump. The purpose of the 
flywheel is to emulate part of the inertia of a vehicle during transient tests depending 
upon the mass of the vehicle under evaluation. The hydraulic pump and motor can 
emulate the load on the engine as well as the remaining part of the vehicle inertia by 
regulating the fluid pressure and flow rate inside the hydraulic circuit that form the 
dynamometer. The schematic of the hydraulic circuit of the dynamometer motor is 
shown in Figure 4.20. The load characteristic of the servo motor depends on the 
control of the boost pressure applied to the inlet of the motor/pump. For further details 
of the design and operation of the dynamometer the reader is directed to Brace 
(1996).
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The dynamometer was controlled by the test cell computer via high frequency 
electrical control hardware. As part of the engine test control, both the engine and 
dynamometer speed and torque are measured using a crank shaft encoder and Hall 
effect sensor as in Figure 4.19. During a test, the operation of the engine depended on 
the set point of both the engine and dynamometer. Each subsystem could be 
controlled to a set speed or load or the outputs (fuelling or dynamometer pressure 
relief valve position) could be adjusted manually. Clearly, if the engine is used to 
control rig speed, the dynamometer must control torque and vice versa. Engine speed 
was controlled by modulating the dynamometer load; engine torque was controlled by 
modulating the engine fuelling.
4.3.2.1.1 Measurement of engine fuel consumption
The measurement of the engine’s fuel consumption was via an AVL 733 fuel balance 
that interfaced directly with the test cell computer. The fuel balance could measure the 
fuel consumption in two different modes, giving either the instantaneous rate of fuel 
consumption or net fuel consumption over a period of time. Each mode of 
measurement has its advantages and disadvantages. The first method offers flexibility 
in terms of selection of the data set over a range of test time while the second gives a 
more accurate reading. Although the second mode offers better accuracy, it limits the 
selection of the data set used and this was a major issue for low engine load modal 
points where there was significant drift in the set point of the engine speed and load 
even when the encoders are locked.
Engine fuel consumption data was also available from the ECU data feed from the 
Kleinknecht GREDI system, which is an engine calibration tool controlled by 
software running on a separate computer interfaced to the test cell computer, in terms 
of mg/shot. While there was no direct physical measurement on the fuel flow in the 
engine, the ECU reading was correlated with test cell fuel measurement system during 
the calibration process. Although the reading might lack accuracy, it offers 
responsiveness and well as precision over the fuel balance measurement. The fuel 
consumption data can also be correlated from the mass of CO2 output although this 
approach is susceptible to various errors including MAF and CO2 concentration 
measurement errors.
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4.3.2.1.2 Measurement of exhaust emissions
The engine exhaust emissions were measured by a Horiba MEXA 9000 exhaust gas 
analyser. This gas analyser could measure the CO, CO2, NOx, uHC and O2 content in 
the exhaust gas using a different sensor or measuring method for each constituent. 
The analyser gave a parts per million (ppm) reading for the measurement of CO, uHC 
and NOx while the reading for CO2 and O2 are given as a content ratio (%). The 
exhaust gas was sampled from the pre-catalyst point instead of post catalyst as post 
catalyst readings would be negligible for CO and uHC when exhaust temperature was 
high enough for the oxidation catalyst to function, which would obscure the 
observation of the effect of thermal variations. The sampled exhaust gas was 
delivered to the gas analyser via a heated line to prevent condensation of the exhaust 
gas which would obscure the test results.
The uHC emissions in the exhaust gas was measured using a flame ionisation detector 
(FID) where the hydrocarbon component in the exhaust gas produce ions as they bum 
in a hydrogen flame inside the FID (Stone, 1999). These ions are detected using a 
metallic detector with a high DC voltage bias, which indicates the amount of uHC 
emissions in the exhaust gas as the current across the detector is proportional to the 
uHC content. In contrast, NOx emissions were measured using a chemiluminescent 
analyser, where the NO molecules react with ozone molecules, forming NO2 
molecules which are in an excited state (Stone, 1999). A small fraction of these 
excited molecules decay by emitting a photon which is detected using 
photomultipliers, thus giving a corresponding reading of the NOx content. The NO2 in 
the exhaust gas is accounted for as it is converted to NO gas before reacting with 
ozone molecules. The content of the CO and CO2 gas in the exhaust were measured 
using the same method, infra-red absorption, where they are differentiated from each 
other by virtue of the fact that they absorb different wave lengths of the infra-red 
spectrum.
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4.3.2.1.3 Observation of other operating parameters
Besides the observation of vital engine and test cell operating parameters such as 
engine and dynamometer speed and load, other operating parameters such as cell 
temperature or humidity were also monitored. The observation of these parameters 
were important because they can contribute to variability in the test results, which can 
often be corrected during the data processing stage such as in the case of NOx output, 
which can be corrected for variations in ambient humidity. Factors such as the interval 
between lubricant oil changes were also logged, as engine frictional losses tend to 
vary with the quality of the lubricant oil.
4.3.2.2 The engine test cell controls
The engine test cell computer controls not only the test and dynamometer but all 
measuring equipment and actuators inside the test cell. The test cell computer is an 
integral unit of the CP-128 control and data logging system, housed in a 19 inch rack 
system tower populated with input/output (I/O) and signal processing cards. The CP- 
128 control system was supplied by CP Engineering and the accompanying CADET 
vl2 software operated all the control and data logging functions in the test cell 
computer. The system can be scaled up to receive 256 analogue input channels for 
data logging and 20 analogue output channels to control various actuators. The 
conditioning of the signals takes place on the cards rather than in software to ensure 
that the system has sufficient bandwidth for real time input/output control. The system 
can also have up to 20 input/output channels for the control of digital devices. Within 
the CADET vl2 test cell operating system, it is possible to configure up to 20 
proportional-integral-differential (PID) control channels to regulate various 
parameters such as coolant inlet temperature and intercooler temperature in addition 
to the control of the engine speed and load.
In addition, access to the engine control unit (ECU) was available on the CADET vl2 
via the CAN bus connection between the ECU and a separate calibration computer 
running the Kleinknecht GREDI system. This calibration tool was interfaced to the 
CADET vl2 software using the industry standard ASAP3 protocol. This allowed the 
test cell computer to log and control the operating parameters inside the ECU such as
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the start of fuel injection timing and EGR valve opening in real time. The test cell 
computer also communicated directly with external devices such as the fuel balance 
and the emissions measurement devices via the PC serial and Ethernet port 
respectively. The CADET vl2  software eases the control and observation of a test cell 
with a compact display of the test cell information, as in Figure 4.21. The input data 
is displayed in a series of tabs, with a maximum of 32 measured or calculated 
parameters per page to prevent visual overload.
Part of the display is unchanged as critical operating parameters such as engine speed, 
torque and coolant temperature are monitored continuously. The data from each input 
and calculated parameter are written continuously to a trace file for the duration of 
test run time. The logging interval of each channel depends on the rate at which is 
acquired, as some parameters such as ambient temperature that respond slowly are on 
slower channels that refresh only once every second, whereas critical factors such as 
engine speed are logged at 80Hz. CADET vl2 monitors critical operating parameters 
such as the engine speed, engine load, engine oil pressure and coolant temperature as 
it may be necessary to stop the engine test and shut down the cell when such 
parameters exceed or are below certain limits. Further, it is possible to add user 
defined limits to the system such as the 135°C limit on the EVB temperature 
mentioned in preceding section.
The flexibility offered by the CP system eased the introduction of the actuators and 
control hardware to govern the modified engine cooling system. The electric motors 
that drive the individual coolant pumps were controlled by CADET vl2 via standard 
industrial motor drive units that respond to a 0-10V input. The individual coolant 
pump demands were generated by PID control loops during the engine start up and 
transient periods to control either coolant flow rate or average metal temperature.
4.4 Selection of the steady state modal test points
With the focus on light duty Diesel engines, the selection of test points was designed 
to reflect its operating duties in practice. Using the weight and gearing of the vehicle 
from which the base engine was extracted, the range of engine speed and load 
conditions representing steady state urban, extra urban and hill climb driving
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conditions was derived. This gives the study relevance to daily driving conditions. 
The selected test points are listed in Table 4.1, where engine speed ranges from 1500 
to 2500 rpm and engine load ranges from 38.4 to 153.6 Nm which corresponds to an 
engine brake mean effective pressure (bmep) range from 200 to 800 kPa. The 
resulting test space is rectangular and the approximate driving conditions reflected by 
these test points are shown in Figure 4.22. The rectangular test space was used 
because it allows the observation of the trends attributable to engine thermal 




















Table 4.1 The engine speeds and loads used to define the modal test points
4.5 Reference conditions -  defining the reference point
In order to compare the results of the effect of the engine thermal management factors 
on to the performance of the engine, a reference point needed to be established. This 
applies to each of the selected modal test points. The reference condition or baseline 
for each modal test point was based on the operating conditions of the base engine 
and its cooling system. The two principle measures used to establish the baseline 
condition were the metal temperature and coolant flow rate. The metal temperature 
was derived from the temperature transducer installed as a production control 
transducer in the cylinder head of the base engine. The readings of metal temperature 
at the selected test points tabulated in Table 4.2 were obtained from tests conducted
on a similar base engine without any modification. The data was obtained from the 

















Table 4.2 Tabulated value of the reference metal temperatures
One issue with these readings was that they only reflected the temperature in the 
vicinity of the cylinder head with the unmodified engine cooling system. In addition, 
data from similar work conducted at University of Bath indicated that the reading 
from this type of transducer can be 15°C less than the average cylinder head 
temperature as indicated by the mean of the readings from a group of carefully 
mounted thermocouples. This is due to the location of the production transducer in a 
region adjacent to coolant gallery and close to, but not coincident with, the 
instrumented points of the modified engine. With this offset in mind, the limit on 
average cylinder head temperature was set 10°C higher than the reference value while 
the average engine block temperature limit was set to 10°C lower, with the average 
temperatures being calculated from the readings from the thermocouples fitted as 
described in section 4.3.1.4.
These readings were used in conjunction with coolant flow data obtained from 
internal commercial work on the engine cooling system on the base engine to develop 
the reference conditions. For the baseline condition, the coolant flow rate through the 
cylinder head was set at a similar level to the flow in the base engine to ensure that
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there was sufficient flow for cooling the flame face. For the oil cooler, the baseline 
flow demand was set to 50% of the available flow range. The settings of the engine 
control parameters, i.e. the start of fuel injection timing and EGR ratio, for the 
reference point of each modal test point were determined by the strategy and 
calibration implemented in the ECU by the base engine manufacturer. These settings 
were used because they represent the optimised settings for balanced BSFC and 
emissions outputs that satisfies legislative and commercial requirements. This is 
crucial in determining a set of reference conditions that reflect the true conditions 
applied in automobiles.
4.6 Test conditions
The test structure or conditions was developed iteratively during the initial trial run 
stage where the magnitude and significance of the engine responses to the various 
changes in thermal settings were surveyed. The results indicated that the change in the 
engine responses, ie BSFC and brake specific emissions outputs were very small in 
most cases in response to small changes in thermal settings, in the region of 5°C 
changes in coolant or metal temperatures. It was observed that the engine responses 
could also be small even with large step changes in the coolant flow rate, with the 
flow rate being more that double or less that half of that at the baseline condition. This 
gave rise to the issue of validating the results as the experimental errors in the 
measured data were of a similar order to the measured change. Given the 
circumstances, the test conditions were limited to large step changes in the thermal 
settings.
For each modal test point, various test conditions were applied for which the effects 
of each thermal management factor were tested individually as well as in 
combination. The precise design of each section of the experimental programme is 
detailed in the following chapters but the general conditions applied to the control 
parameters of the engine thermal management factors included;
1. Coolant inlet temperature at 50°C and 85°C.
2. Step change in the coolant flow rate through the cylinder head and engine 
block from doubling the flow to quartering the flow.
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3. Different coolant flow rate through the oil cooler, in a series of steps.
During these tests, the ECU settings for the start of injection timing and EGR valve 
opening was kept the same as in the reference test point of each modal point. The tests 
were conducted at these optimised calibration conditions to show the potential of 
engine thermal management to further enhance the performance of the engine. To 
avoid any inconsistency in the test results due to the ECU strategy compensating for 
the changes in the metal temperature by varying the engine control settings, the ECU 
strategy was disabled during these tests by entering a fixed demand for all engine 
control parameters using the calibration tool.
In addition to the engine thermal management factors, the following ECU settings 
were also evaluated to establish the benchmark by which the improvements offered by 
the thermal factors could be evaluated;
1. Vary the start of fuel injection timing by plus and minus 1 ° crank angle
2. Vary the EGR valve opening by plus and minus 1mm
4.7 Stability criteria
A set of stability criteria were used to determine whether the engine had reached a 
stable condition, where valid readings could be taken. In these tests, temperature 
measurements of the various systems within the engine were the main indicators. 
Although the lubricant oil temperature is usually the last one to stabilise, other 
temperatures also needed to be observed as outside interference and control instability 
can cause deviation and significant scatter in the test results. The following criteria 
were used as a guide to determine the state of the engine during the testing;
1. Lubricant oil temperature variation of less the 0.1 °C over 2 minutes
2. Drift in coolant inlet temperature of less than 0.5°C over 1 minute
3. Change in metal temperature of less than 0.2°C over 1 minute
4. Variation of post intercooler temperature of less that 0.2°C over 1 minute
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These criterions were established from experience of the smallest possible variations 
in the engine operating and output parameters during trial runs. It was observed that 
the engine operating and output parameters remained almost unchanged when these 
criteria were satisfied. The term almost unchanged is used because the engine 
operating and output parameters do changes continuously about a fixed value even 
with fixed engine operating conditions due to slight fluctuations in the engine speed 
and load. As the engine speed and load were controlled by two separate control loop, 
they tend to fluctuate by a few percent about the set point value but their averaged 
values were steady. When these criteria are met, the changes in the engine operating 
and output parameters are negligibly small and therefore considered stable.
4.8 Deriving the secondary variables from logged input data
The test cell computer logged a large number of operating parameters of the engine 
and test cell in a continuous data file but this did not include the bulk of the secondary 
or calculated variables such as the brake specific fuel consumption (BSFC) and brake 
specific NOx (BSNOx). Instead, these were calculated from the logged readings of 
relevant primary variables. This section presents the calculations used to derive the 
calculated variables from the logged data.
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4.8.1 Brake specific fuel consumption, BSFC (g/kWhr)
Brake Specific Fuel Consumption (or BSFC) is a measure of fuel efficiency that 
relates the engine's fuel consumption to the corresponding power output. BSFC is 
used extensively as it allows an engine’s fuel efficiency to be compared directly with 
that of other engines irrespective of the size of the engine. In this sense BSFC is 
analogous to thermal efficiency but is expressed in units that are directly observable 
on an engine test rig.
BSFC = Fuel flow rate (kg/hr) / Power (kW)
Where;
Power (kW) = (2*ti* engine speed (rpm) / 60) * engine torque (Nm) /1000 
Where fuel flow rate, engine speed and torque measurement are logged parameters
4.8.2 Brake specific emissions output, (g/kWhr)
Brake specific emissions output is a measure of the emissions output that relates it to 
the engine power output. It normalises the measure of each type emissions output in a 
similar manner as BSFC, which eases the comparison of emissions output 
characteristics of the engine at different speed and load conditions as well as between 
various engines. The common variables in the calculation of brake specific emissions 
output are exhaust mass flow rate and power output. Power output calculation is as 
above while exhaust mass flow rate calculation is as follows;
Exhaust mass flow rate (kg/hr) = Mass air flow rate (kg/hr) +
Fuel flow rate (kg/hr)
Where fuel flow rate and mass air flow rate are logged parameters
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BSNOx (g/kWhr)
Mass flow rate NOx (g/hr) / Power (kW)
4.8.2.1 Brake specific NOx output,
BSNOx =
Where;
Mass flow rate NOx (g/hr) =
Where;
Relative density of NOx = 
Corrected NOx (ppm) =
SAE NOx correction factor =
Where;
Humidity correction factor = 
Temperature correction factor = 
Specific humidity (g/kg) =
Where;
Fuel air ratio dry =
Corrected NOx (ppm) x 
Exhaust mass flow rate (kg/hr) x 
Relative density of NOx
0.001587
Measured NOx (ppm) x 
(1/ SAE NOx correction factor)
1 +
[(7 x Humidity correction factor) x 
(Specific humidity (g/kg) -  10.714)] + 
[(1.8 x Temperature correction factor) x 
(Ambient temperature (°C) -  29.444)]
(0.044 -  Fuel air ratio dry) -  0.0038 
0.0053 -  (0.116*Fuel air ratio dry)
621.1 x Wet bulb partial pressure (kPa) x 
(1/ Partial pressure of dry air (kPa))
(1/Air fuel ratio) x
[Test cell ambient pressure (kPa)-
0.378 x Wet bulb partial pressure (kPa)] x
[1/ Partial pressure of dry air (kPa)]
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Where;
Air fuel ratio = Mass air flow rate (kg/hr) x 
(1/ Fuel flow rate (kg/hr))
Partial pressure of dry air (kPa) = Test cell ambient pressure (kPa) -
Wet bulb partial pressure (kPa)
Where;
Wet bulb partial pressure (kPa) =
Where;














Test cell relative humidity x
(1/ Dry bulb saturated pressure (kPa))
C0 + (Cx x TD1) + (C2 x TD2) +







Test cell ambient temperature (°C) 
(Test cell ambient temperature (°C))2 
(Test cell ambient temperature (°C))3 
(Test cell ambient temperature (°C))4 
(Test cell ambient temperature (°C))5
Where the test cell ambient pressure, temperature and relative humidity are logged 
parameters.
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4.8.2.2 Brake specific CO, BSCO (g/kWhr)
BSCO (g/kWhr) = Mass flow rate of CO (g/hr) / Power (kW)
Where;
Mass flow rate of CO (g/hr) = Measured CO (ppm) x
Exhaust mass flow rate (kg/hr) x 
Relative density of CO
Where;
Relative density of CO = 0.00966
4.8.2.3 Brake specific uHC, BSuHC (g/kWhr)
BSuHC (g/kWhr) = Mass flow rate of uHC (g/hr) / Power (kW)
Where;
Mass flow rate of CO (g/hr) = Measured CO (ppm) x
Exhaust mass flow rate (kg/hr) x 
Relative density of CO
Where;
Relative density of CO = 0.00497
4.8.2.4 Brake specific CO2 , BSCO2 (g/kWhr)
BSCO2 (g/kWhr) = Mass flow rate of CO2 (g/hr) / Power (kW)
Where;
Mass flow rate of CO2 (g/hr) = Measured CO2 (%) x
Exhaust mass flow rate (kg/hr) x 
Relative density of CO2
Where;
Relative density of CO2 = 15.19
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4.8.2.5 Brake specific O2, BSO2 (g/kWhr)
BSO2 (g/kWhr) = Mass flow rate of O2 (g/hr) / Power (kW)
Where;
Mass flow rate of O2 (g/hr) = Measured O2 (%) x
Exhaust mass flow rate (kg/hr) x 
Relative density of O2
Where;
Relative density of O2 = 11.05
4.8.3 Brake specific mass air flow rate, BSMAF (kg/kWhr)
The brake specific mass air flow rate is the normalised measure of the mass air flow 
rate which is used to ease the comparison of the mass of air available for combustion 
at different engine speed and load conditions.
BSMAF (kg/kWhr) = Mass air flow rate (kg/hr) / Power (kW)
Where mass air flow rate (MAF) is one of the logged parameters
4.8.4 Metal temperatures
The term metal temperature in the context of the engine is used to denote the average 
temperature of the metal structure of the engine or a particular section of the engine. 
As the spatial metal temperature distribution in the engine structure is complex in 
nature, it is not possible to accurately measure the true average metal temperature of 
the engine or a particular part of the engine. Thus, the calculated value of the metal 
temperature of the engine or part of the engine derived by averaging all temperature 
measurement is only an approximate value. The proximity of this approximate value 
to the true average depends on the locations where the measurements are taken. For 
this study, this approximate values are much higher than the true average value as the 
instrumented thermocouple are located at the inner parts of the engine, where they are 
less susceptible to external influences such as variation in ambient temperature. As 
such they are representative of the parts of the engine in contact with the combustion 
and/or tribological interfaces of interest rather than any notion of a global mean 
temperature.
97
4.8.4.1 Cylinder head metal temperature (°C)
Cylinder head metal temperature (°C) = Average (All thermocouple reading in
the cylinder head) (°C)
Where all cylinder head thermocouple reading are logged parameters
4.8.4.2 Engine block metal temperature (°C)
Engine block metal temperature (°C) = Average (All thermocouple reading in
the engine block) (°C)
Where all engine block thermocouple reading are logged parameters
4.8.4.3 Engine metal temperature (°C)
Engine metal temperature (°C) = (1/2) x
[Cylinder head metal temperature 
(°C) + Engine block metal
temperature (°C)]
Where average cylinder head and engine block metal temperature are calculated
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4.9 Summary
To evaluate the selected thermal management features experimentally, these features 
were implemented on a mass produced Diesel engine by modifying a series 
production engine and its cooling system. The engine cooling circuit was redesigned 
with the addition of electrical coolant pumps and flow valves, and the engine was 
modified to accommodate the changes to the cooling system. Specifically, the engine 
coolant flow path was modified to allow separate flow paths in the cylinder head and 
engine block by the addition of new coolant inlet and outlet points and the isolation of 
the cylinder head from the engine block using a modified cylinder head gasket. This 
change also necessitated the provision of independent coolant feeds to each EVB to 
maintain engine integrity.
In addition, the system was instrumented extensively to monitor the thermal state of 
the cooling system and engine structure during the experimental tests. Modulation of 
the coolant inlet temperature was used to control the operating temperature of the 
engine while control of the coolant flow rate through the individual sections of the 
engine allowed fine adjustment of the operating temperature of each section. 
Lubricant oil temperature was controlled by regulating the coolant flow rate through 
the oil cooler.
The modified engine was installed in an engine test cell with extensive control and 
monitoring capabilities. This allowed the variation in the settings of the thermal 
factors and, the engine operating parameters, emissions outputs and fuel consumption 
to be measured and logged. To ensure relevance of the study, the modal test points 
used for the experimental programme were selected to be representative of everyday 
driving conditions. The reference condition for each modal point was also defined, 

























Figure 4.4 Inserted hypodermic tube for the EVB coolant feed along with the 
thermocouple measuring the EVB temperature on the exhaust side of the 
cylinder head
Figure 4.5 The position of the EVB feed relative to the exhaust manifold
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Figure 4.6 The main coolant feed to the cylinder head at the back end of the 
engine
EVB coolant feed exhaust side
inlet side





new coolant feed point
exhaust sid e
inlet sid e
Figure 4.8 Coolant flow stream in the modified engine block
Figure 4.9 Coolant inlet feed into the engine block (partially obscured by the 
exhaust manifold)
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Figure 4.10 The EVB and engine block feed relative to the exhaust manifold
inlet exhaust valve bridge thermocouple /  EVB thermocouple
exhaust side
inlet side
1st 2nd 3rd 4th
Figure 4.11 Plan view of thermocouple position in the cylinder head
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Figure 4.13 Plan view of thermocouple position in the engine block relative to the 
cylinder bore
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Figure 4.16 Layout of the modified engine cooling circuit with instrumentation, F 
= flowmeter, T = thermocouple, V = valve











Figure 4.18 Thermocouple position for measurement of gas temperature
Figure 4.19 Setup of the engine the engine test cell
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Figure 4.20 Schematic of the dynamometer hydraulic circuit (Brace, 1996)
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Figure 4.22 Approximate driving conditions reflected by the selected steady state 
test point
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5 Experimental results and analysis 1 -  Low operating 
temperature and split cooling
5.1 Introduction
With the modified test engine installed and configured in the engine test cell as 
described in Chapter 4, the thermal factors identified in Chapter 3 were studied 
experimentally. Before these factors could be studied, the baseline condition for each 
modal test point was established, creating the reference point which the engine 
outputs and operating parameters from latter tests were compared against. 
Subsequently the thermal factors were evaluated in a series of tests designed to 
investigate the effect of changes to coolant temperature and flow rate.
5.2 Defining the base thermal conditions
By using reference data on metal temperature and coolant flow rate from similar 
thermal investigations on the base engine described in section 4.5, the baseline 
condition for each modal point of the modified engine was established. The baseline 
conditions of each modal test point were defined by the metal temperature and coolant 
flow rate when the coolant inlet temperature was set to 85°C based on the approach 
defined in Section 4.5. As the modified engine was separated into two distinct 
sections in terms of engine cooling, two sets of readings for metal temperature and 
coolant flow rate were used to define the base condition for each modal point, as 






























1500 38.4 200 109.0 0.143 106.5 0.071
1500 76.8 400 116.6 0.212 108.3 0.093
1500 153.6 800 131.9 0.275 116.8 0.168
2000 38.4 200 110.7 0.260 106.3 0.151
2000 76.8 400 119.6 0.312 112.6 0.137
2000 153.6 800 119.3 0.644 113.9 0.196
2500 38.4 200 111.8 0.369 107.7 0.191
2500 76.8 400 116.5 0.480 110.3 0.257
2500 153.6 800 127.2 0.664 112.5 0.440
Table 5.1 The coolant flow rate and resulting metal temperature of each section 
of the engine
The resulting engine outputs from tests performed on the modified engine at these 
settings were used as the benchmark outputs which were compared against the engine 
outputs from tests performed with different settings for the thermal management 
parameters. The conditions used to define the base condition also included the coolant 
flow rate through the oil cooler based on the range of temperatures and flow rates 
available from the oil cooler pump.
5.3 Experimental errors
Due to the extended period of time required to obtain the test result for one test 
condition, the error terms in the measured parameters cannot be feasibly assessed to 
produce a high confidence on statistical measures such as standard deviation, for each 
individual test condition or each series of tests, as this would require large number of 
repeat tests. Instead, the assessment of the experimental error was lumped for each 
modal point by repeating several randomly selected test conditions including the 
baseline condition. The results of these tests were used to calculate the mean error 
observed in each of the engine operating parameters and outputs. The mean error of a 
test condition was calculated by averaging the difference between each entry and the
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average of all the entries for the same parameter. Table 5.2 shows averaged results for 
all test conditions investigated at each modal test point and can be taken as 









Mean error relative to baseline value (%)
BSFC BSNOx BSCO BSuHC
1500
38.4 200 0.09 0.19 0.41 1.74
76.8 400 0.06 0.09 0.21 0.61
153.6 800 0.03 0.03 0.58 0.58
2000
38.4 200 0.07 0.22 0.42 1.42
76.8 400 0.04 0.14 0.18 0.43
153.6 800 0.03 0.05 0.24 0.28
2500
38.4 200 0.06 0.17 0.22 0.86
76.8 400 0.05 0.16 0.46 1.13
153.6 800 0.02 0.09 0.16 0.24
Table 5.2 Mean error of the observed engine outputs of each modal test point
The mean errors in the BSFC and BSNOx measurements are relatively small in 
relation to the baseline value and, they tend to be higher at lower load test conditions 
but they gradually decrease with increasing engine load. In contrast, the mean errors 
of the BSCO and BSuHC measurement are less regular and much higher across the 
modal point with error terms approaching 2% of the baseline value for the BSuHC 
measurements at one modal point.
5.4 The effect of lower operating temperature
To evaluate the effect of lower operating temperature, the engine outputs and 
operational variables were measured at two different coolant inlet temperatures. The 
coolant inlet temperature of 85 °C was used to emulate the standard operating 
condition while the effect of a lower operating temperature was investigated by 
setting the inlet temperature to 50°C. The average metal temperature of the engine for 
the two different coolant inlet temperatures is tabulated in Table 5.3. The data shows 
that metal temperature was only lowered by approximately 20°C across the tested
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Average metal temperature (°C) Change in average 
metal temperature 










38.4 200 107.7 88.4 -19.3
76.8 400 112.4 91.0 -21.5
153.6 800 124.3 104.8 -19.5
2000
38.4 200 108.5 88.1 -20.4
76.8 400 116.1 97.4 -18.7
153.6 800 116.6 95.9 -20.7
2500
38.4 200 109.7 88.4 -21.3
76.8 400 113.4 89.9 -23.4
153.6 800 119.9 99.0 -20.8
Table 5.3 Average metal temperature and the resulting change in the
temperature with different coolant inlet temperature for each modal test point
Table 5.4 presents the lubricating oil temperatures for the same test conditions and 
shows that the change in the coolant inlet temperature has an even smaller effect on 
the lubricating oil temperature than on metal temperature. Whilst the reduction in the 
lubricating oil temperature with the lower coolant inlet temperature approached 18°C 
for some modal points, the reduction in the lubricating oil temperature was on 
average, approximately 6°C less than the reduction in the average metal temperature, 










lubricant oil temperature (°C) Change in lubricant oil temperature 










38.4 200 104.6 90.6 -14.0
76.8 400 106.2 92.8 -13.4
153.6 800 118.4 100.5 -17.9
2000
38.4 200 106.6 89.4 -17.2
76.8 400 112.8 100.3 -12.5
153.6 800 119.6 103.7 -15.8
2500
38.4 200 110.3 98.9 -11.3
76.8 400 116.3 99.2 -17.1
153.6 800 121.2 110.4 -10.8
Table 5.4 Lubricating oil temperature and the resulting change in the
temperature with different coolant inlet temperature for each modal test point
The reduction in the coolant inlet temperature also had an effect on the brake specific 
manifold air flow rate, as shown in Table 5.5. The brake specific mass air flow rate 
was marginally lower for all modal points when the coolant inlet temperature was 
lowered with about 2% reduction for more than half of the tested modal points. This 
reduction in the brake specific mass air flow rate is unexpected as it contradicts the 
finding from previous studies (Kobayashi et al, 1984 & Finlay et al, 1988) which 
indicate that the volumetric efficiency of the engine would improve with the increased 










Brake specific mass air flow 
rate (kg/kW hr)
Change in brake 
specific mass air 










38.4 200 11.46 11.38 -0.75
76.8 400 6.81 6.76 -0.76
153.6 800 4.96 4.90 -1.39
2000
38.4 200 10.85 10.63 -1.95
76.8 400 6.60 6.45 -2.26
153.6 800 5.20 5.08 -2.34
2500
38.4 200 12.44 12.19 -2.03
76.8 400 6.99 6.83 -2.32
153.6 800 5.20 5.18 -0.37
Table 5.5 Brake specific mass air flow rate and the resulting percentage change
with different coolant inlet temperature for each modal test point
The reduction in the brake specific mass air flow rate may be caused by a 
deterioration of turbocharger efficiency with the reduction in lubricating oil 
temperature at the lower coolant inlet temperature. The reduction in lubricating oil 
temperature would increase the frictional losses in the turbocharger bearings, leading 
to the deterioration of its overall efficiency. This hypothesis is supported by the inlet 
manifold pressure data, shown in Table 5.6. Boost pressure was lowered with the 
reduction in the coolant inlet temperature for all modal test points. To investigate this 











Inlet manifold pressure (kPa)
Change in inlet 
manifold pressure 









38.4 200 4.11 3.82 -6.98
76.8 400 11.90 11.88 -0.24
153.6 800 32.20 30.80 -4.32
2000
38.4 200 9.69 9.36 -3.38
76.8 400 20.88 19.70 -5.65
153.6 800 54.47 51.65 -5.18
2500
38.4 200 19.83 18.45 -6.96
76.8 400 34.39 32.06 -6.78
153.6 800 78.25 76.65 -2.05
Table 5.6 Inlet manifold pressure and the resulting percentage change with
different coolant inlet temperature for each modal test point
With a 4-10% reduction in fuel consumption with 20°C increase in the lubrication oil 
temperature reported in previous studies (Couetouse et al, 1992), the 14°C average 
reduction in the lubrication oil temperature tabulated in Table 5.4 with the lower 
coolant inlet temperature was expected to increase BSFC by a similar proportion. The 
problem was further compounded by the reduction in inlet manifold pressure shown 
in Table 5.6, which would further reduce the fuel efficiency (Stone, 1999). However, 
the BSFC data tabulated in Table 5.7 rebukes such speculation as the increase in 
BSFC was only marginal for most conditions. Even though the measured changes are 
small they appear to be real as they are significantly larger than the expected errors as 
presented in Table 5.2. In addition, two out of the nine modal test points showed an 
exception to the general trend where BSFC was lower when the coolant inlet 
temperature was lowered. The absence of a significant fuel consumption penalty gives 
reassurance that the low temperature operating regime is not unduly prejudicial to fuel 
economy. This is an unexpected finding.
Although the reduction in the brake specific mass air flow rate tabulated in Table 5.5 
would help to offset any deficit in BSFC through reduced pumping work, such a 
minor change in air flow rate could not have been responsible for the entire effect 
(Stone, 1999 & Schwaderlapp et al, 2000). It is possible that the lower than expected
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fuel consumption penalty was in part due to improved combustion and heat release 
characteristics caused by both lower gas and boundary temperature as in some 









Specific fuel consumption 
(g/kW hr)
Change in BSFC 










38.4 200 291.5 296.1 1.6
76.8 400 241.2 242.4 0.5
153.6 800 214.4 212.8 -0.8
2000
38.4 200 312.8 326.0 4.2
76.8 400 257.7 263.2 2.1
153.6 800 206.6 208.8 1.0
2500
38.4 200 320.3 323.8 1.1
76.8 400 252.9 251.4 -0.6
153.6 800 212.6 214.6 0.9
Table 5.7 Specific fuel consumption and the resulting percentage change with
different coolant inlet temperature for each modal test point
One of the key expectations of a low temperature approach is its effectiveness at 
reducing the BSNOx output. With the reduction in average metal temperature as the 
coolant inlet temperature was lowered, the peak combustion temperature was lowered 
(Alkidas et al, 1989 & Tanabe et al, 1991). A lower peak temperature suppresses the 
formation of NOx during the combustion process and resulted in a 10-90ppm 
reduction in the NOx concentration from baseline readings ranging from 112- 
847ppm. This reduction in both the NOx concentration and the brake specific mass air 
flow rate presented in Table 5.5 resulted in a reduction in the BSNOx output with the 
lower coolant inlet temperature tabulated in Table 5.8. The BSNOx output was 
lowered by at least 8%, with around 15% reduction for more than half of the modal 
points when the coolant inlet temperature is lowered to give an average reduction of 
approximately 13%. With such large percentage changes in BSNOx, the error terms 










BSNOx (g/kW hr) Change in BSNOx 










38.4 200 2.49 2.11 15.0
76.8 400 3.14 2.86 8.7
153.6 800 6.95 6.18 11.1
2000
38.4 200 2.00 1.70 15.3
76.8 400 2.01 1.72 14.4
153.6 800 4.14 3.48 16.0
2500
38.4 200 2.88 2.44 15.2
76.8 400 1.87 1.56 16.8
153.6 800 2.45 2.26 8.0
Table 5.8 BSNOx output and the resulting percentage change with different
coolant inlet temperature for each modal test point
In addition to the reduction in the brake specific mass air flow rate, other factors such 
as the reduction in the inlet manifold pressure also contributed to the reduction in the 
BSNOx output with the lower coolant inlet temperature. These factors also include 
the brake specific oxygen (BSO2) output and the brake specific carbon dioxide 
(BSCO2) output. The formation of NOx gases during the combustion process in the 
Diesel engine are retarded with the reduction in oxygen availability or increase in 
carbon dioxide concentration (Ladommatos et al, 1998). Table 5.9 and Table 5.10 
show the change in the BSO2 and BSCO2 output respectively when the coolant inlet 










Brake specific O2 (g/kW hr) Change in brake 
specific O2 with 









38.4 200 1813.3 1782.9 -1.7
76.8 400 931.1 910.6 -2.2
153.6 800 548.4 526.4 -4.0
2000
38.4 200 1683.5 1610.8 -4.3
76.8 400 842.2 788.8 -6.3
153.6 800 612.8 568.4 -7.2
2500
38.4 200 2015.3 1935.2 -4.0
76.8 400 902.9 844.6 -6.5
153.6 800 565.1 550.6 -2.6
Table 5.9 Brake specific O2 output and the resulting percentage change with
different coolant inlet temperature for each modal test point
Table 5.9 shows that the BSO2 output was lowered for all modal test points, with up 
to 7% reduction when the coolant inlet temperature was lowered. In contrast the trend 
in the BSCO2 output in Table 5.10 was less consistent, with two modal points 










Brake specific C02 (g/kW hr) Change in brake 
specific C02 with 









38.4 200 962.3 946.5 -1.6
76.8 400 732.1 740.5 1.1
153.6 800 660.5 657.4 -0.5
2000
38.4 200 942.7 950.4 0.8
76.8 400 755.7 767.2 1.5
153.6 800 650.9 662.0 1.7
2500
38.4 200 990.4 1006.2 1.6
76.8 400 780.5 798.2 2.3
153.6 800 691.0 695.3 0.6
Table 5.10 Brake specific CO2 output and the resulting percentage change with
different coolant inlet temperature for each modal test point
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However, the trends are more definitive when the O2 and CO2 content in the exhaust 
gas are presented as content percentage as in Table 5.11 and Table 5.12 respectively. 
While Table 5.11 confirms the data presented in Table 5.9 by showing that the O2 
content was reduced for all modal points, Table 5.12 shows that CO2 content was 
actually increased for all speed load points. The inconsistency between the trend in 
Table 5.10 and Table 5.12 is due to the small magnitude of the increase in CO2 
content coupled with the small change in the brake specific mass air flow rate which 
is used to derived the BSCO2 output, leading to a misleading interpretation. The 
increase in the CO2 content is consistent with the observed reduction in BSNOx 

















38.4 200 13.91 13.78
76.8 400 11.91 11.73
153.6 800 9.57 9.31
2000
38.4 200 13.62 13.29
76.8 400 11.11 10.64
153.6 800 10.24 9.72
2500
38.4 200 14.25 13.96
76.8 400 11.26 10.77
153.6 800 9.44 9.23
Table 5.11 Volumetric O2 output with different coolant inlet temperature for 


















38.4 200 5.37 5.32
76.8 400 6.81 6.94
153.6 800 8.39 8.46
2000
38.4 200 5.55 5.70
76.8 400 7.25 7.53
153.6 800 7.91 8.23
2500
38.4 200 5.10 5.28
76.8 400 7.08 7.41
153.6 800 8.39 8.47
Table 5.12 Volumetric CO2 output with different coolant inlet temperature for 
each modal test point
The volumetric content of O2 and CO2 in steady state condition normally only 
changes if there is a change in the EGR valve position. However, the EGR valve 
position was fixed during these tests leading to queries on the unexpected change in 
the volumetric content of O2 and CO2 with the lower coolant inlet temperature. A 
change in the EGR valve position would also have a notable effect on the brake 
specific mass air flow rate. However, test data on varying the EGR valve opening 
tabulated in Table 5.13 shows that such a small magnitude of change in the brake 
specific mass air flow rate tabulated in Table 5.5 caused by changes in the EGR valve 
opening would not be able to cause such substantial change in the volumetric content 
of O2 and CO2 . The probable reason for the change in the volumetric content of O2 
and CO2 with the lower coolant inlet temperature is the increase in internal EGR 
effect, where the mass of the residual gas remaining in the combustion chamber 
increases as its density increases as a consequence of the lower boundary 
temperatures, thus indicating the effects of increased EGR without the change in 

























baseline 5.43 13.72 10.9 2.0
-21.58
baseline 
+ 1 mm 5.87 13.08 10.2 1.5
2000rpm
76.8Nm
baseline 7.35 11.05 6.53 1.9
-20.25
baseline 
+ 1 mm 7.90 10.26 6.12 1.5
2000rpm
153.6Nm
baseline 8.14 9.93 5.2 4.1
-13.24
baseline 
+ 1 mm 8.56 9.33 4.9 3.5
Table 5.13 Engine outputs with changes in the EGR valve opening
In contrast to the irregular trends in the BSNOx output, the emissions of CO 
consistently increased with the lower coolant inlet temperature, as shown in Table 
5.14. The reduction in the coolant inlet temperature increased the CO concentration 
by 14-100ppm from baseline readings of 115-333ppm to give 7-30% increase in the 
brake specific CO (BSCO) output. Again, these increases are much more significant 
than the BSCO error terms presented in Table 5.2. The result also shows that the 
increase was higher at lower load and gradually decreased as the engine load is 
increased. This trend probably relates to the higher mean combustion temperature as 










BSCO (g/kW hr) Change in BSCO 










38.4 200 4.18 5.44 30.1
76.8 400 1.65 1.86 12.4
153.6 800 0.43 0.46 7.3
2000
38.4 200 4.54 5.91 30.2
76.8 400 1.81 2.21 21.8
153.6 800 0.53 0.59 11.1
2500
38.4 200 4.12 5.21 26.3
76.8 400 1.89 2.19 15.6
153.6 800 0.80 0.85 6.7
Table 5.14 BSCO output and the resulting percentage change with different
coolant inlet temperature for each modal test point
Similarly to the trend of the BSCO output, the increase in the brake specific uHC 
(BSuHC) output with the lower coolant inlet temperature also becomes less 
significant with increasing engine load, as tabulated in Table 5.15, with the error 
terms in Table 5.2 being insignificant in comparison with these measurements. 
However, the reversal in the increase is so significant in two high load modal points 
that the BSuHC output was actually lowered with the reduction in the coolant inlet 
temperature. This characteristic is unexpected because the change in uHC output often 
tracks the change in CO output because the sources of both emissions are quite 
similar. It could be postulated that these decreases are due to the combined effect of 
the reduction in the hydrocarbon emission from the vaporisation of lubrication oil and 
the increased premixed combustion rate at higher load with the lower operating 
temperature. The reduction in the operating temperature could cause the premixed 
combustion rate to be higher because the lower charge temperature as a consequence 
of lower metal temperatures of the engine would lengthen the ignition delay and cause 










BSuHC (g/kW hr) Change in BSuHC 










38.4 200 1.62 1.85 13.7
76.8 400 0.70 0.71 0.8
153.6 800 0.30 0.28 -6.2
2000
38.4 200 1.79 2.13 19.2
76.8 400 0.75 0.82 9.5
153.6 800 0.27 0.28 3.0
2500
38.4 200 1.76 2.20 24.7
76.8 400 0.78 0.85 9.9
153.6 800 0.31 0.28 -8.6
Table 5.15 BSuHC output and the resulting percentage change with different
coolant inlet temperature for each modal test point
The concerns about the increase in the brake specific CO and uHC output tabulated in 
Table 5.14 and Table 5.15 should be limited to low engine load conditions as the pre­
catalyst exhaust temperature readings tabulated in Table 5.16 show that the exhaust 
gas temperature was more than the 250°C required for the oxidation catalyst to 
function, at mid and high engine load even with the lower coolant inlet temperature. 
With the reduction of 35°C in the coolant inlet temperature, the pre-catalyst exhaust 
temperature was lowered by a few degrees in most cases, with almost no change for 
some modal points. However, any reduction in the pre-catalyst exhaust temperature is 
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catalyst exhaust 
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38.4 200 220 212 -8.2
76.8 400 305 297 -8.0
153.6 800 390 378 -12.0
2000
38.4 200 245 243 -2.0
76.8 400 333 332 -1.0
153.6 800 381 380 -1.0
2500
38.4 200 246 242 -4.0
76.8 400 400 395 -5.0
153.6 800 400 398 -2.0
Table 5.16 Pre-catalyst exhaust temperature of each modal test point with
different coolant inlet temperature
5.5 The effect of variable cooling on each section of the engine with 
the split cooling system
Using the split cooling capability on the test engine, the effect of variable cooling 
level on each section of the engine with the coolant inlet temperature set to 85°C was 
evaluated. The cooling level applied to each section of the engine was varied by 
changing the coolant flow rate through the particular section. In each case three flow 
rates which induces approximately 10°C range of change in the average sectional 
metal temperature were tested. These represented a low flow condition, baseline flow 
condition and a high flow condition.
The effect of these changes in the coolant flow rate was evaluated for the cylinder 
head and the engine block independently for all modal test points. For a few modal 
test points, test conditions with simultaneous change in the coolant flow rate through 
the cylinder head and engine block to mimic the constraints of conventional engine 
cooling system were also conducted. In these tests, the range coolant flow rates 
through the cylinder head and engine block were the same as the settings used in the 
independent flow variation tests in the cylinder head and engine block.
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5.5.1 The effect of variable coolant flow rate through the cylinder head
As expected, changes in the coolant flow rate through the cylinder head from the 
baseline condition resulted in a corresponding change in the cylinder head metal 
temperature. The relationship between cylinder head flow rate and metal temperature 
is presented in Figure 5.1. Figure 5.1 shows that reducing the cylinder head metal 
temperature by 10°C from the base condition with the coolant temperature at 85°C 
required a very significant increase (often greater than double the baseline flow) in the 
coolant flow rate through the cylinder head. On the contrary, it also shows that a 
minor reduction in the coolant flow rate through the cylinder head was usually 
sufficient to raise its temperature by a few degrees. The gradient of the relationship 
between metal temperature and flow rate increases at low flow conditions. Also 
evident was the general increase in metal temperatures at higher power conditions.
The changes in the cylinder head metal temperature across the modal test points 
caused minor changes in BSFC presented in Figure 5.2. These changes in the BSFC 
caused by variations change in the coolant flow rate through the cylinder head were 
all less than 0.5%. These changes are also irregular and do not have a consistent trend 
or response to the direction of change in the coolant flow rate. While the test results 
for some of the modal points shows that BSFC would increase consistently with the 
coolant flow rate, the test results for other modal points indicate a local minimum or 
maximum in the vicinity of the base flow condition. With such small measured 
changes in BSFC, there are three test conditions from low and mid load modal points 
in which the BSFC measurements are questionable as they are lower or very close to 
the error terms presented in Table 5.2.
Similarly, the response of the BSNOx output to the changes in coolant flow rate, 
presented in Figure 5.3 were also irregular. The figure also shows that the change in 
the BSNOx output induced by the variation in the coolant flow rate through the 
cylinder head were also small in percentage terms albeit up to 4% difference from the 
baseline magnitude. In general the changes observed were large in comparison to the 
BSNOx errors presented in table 5.2, although the result for two test conditions are 
only slightly higher that the presented error terms.
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Whilst the small response of the BSFC and BSNOx output to the changes in the 
coolant flow rate through the cylinder head is expected given the small temperature 
difference, the inconsistency of their responses was unexpected. Though experimental 
error may be cause of the erratic nature of the response, complex interactions between 
the operating parameters are the more likely cause. As the system under test is large 
and complex, variation in one operating parameter often has a knock on effect other 
operating parameters. The interactions between these parameters combine to produce 
the irregular trend in presented results. .
Among them, the key contributory factors include the variation in the manifold air 
pressure (MAP) and mass air flow rate (MAF) during the tests as presented in Figure 
5.4 and Figure 5.5 respectively. The variation of the MAP and MAF with the step 
change in the coolant rate is likely to be due in part to variation of the charge density 
and die induction process as the cylinder head metal temperature changes with the 
coolant flow rate. This slight variation in the MAP and MAF is sufficient to cause 
minute differences during the combustion process leading to the inconsistent response 
of the BSFC and BSNOx. The effect of the slight difference in the combustion 
process is particular evident in the result of the BSNOx output.
The test results indicate that the concentration of NOx in the exhaust gas is influenced 
by the change in the coolant flow rate through the cylinder head but it can also be 
influenced by change in the MAP. As the calculation of the BSNOx output includes 
the multiplication of the NOx concentration and MAF, the result is consequently 
influenced by the variation of both parameters. By comparing the result of the BSNOx 
output and MAF as MAP, it can be deduced that these variation can influence 
response of the BSNOx output to the change in the coolant flow rate through the 
cylinder head. The change in the concentration of NOx which indicates a slight 
differences in the combustion process that are likely to contribute to the observed 
changes in BSFC and other emissions output.
As for the BSCO output presented in Figure 5.6, the result appears to be more 
consistent with 1.7-3.8% reduction with the reduction in the coolant flow rate through 
the cylinder head for most modal points. This is inline with the observation in other
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published studies where the increase in metal temperature leads to reduction in 
products of incomplete combustion. In contrast, the BSuHC output presented in 
Figure 5.7 appears to be highly irregular with more than 10% change in some cases. 
HC is always one of the most problematic emissions to measure consistently due to 
slight variations in test conditions and the possible presence of liquid hydrocarbons 
within parts of the measurement system. The large percentage change in both BSCO 
and BSuHC validate the bulk of these results with more than 1% change even though 
the error terms presented in Table 5.2 for these parameters are relatively bigger than 
for other emissions species.
5.5.2 The effect of variable coolant flow rate through the engine block
Similar to the variation of the coolant flow rate through the cylinder head, the 
variation of the coolant flow rate through the engine block resulted in the changes in 
the engine block metal temperature presented in Figure 5.8. The range of coolant 
flow and temperature of the engine block were much narrower compared to those of 
the cylinder head. The effect of the step change of the coolant flow rate through the 
engine block on the BSFC and the BSNOx, presented in Figure 5.9 and Figure 5.10 
respectively is more erratic compared to the test results for the cylinder head. The 
result for most modal points indicates a turning point near the base conditions, with 
the result of the BSNOx output for some modal points showing an increase or 
decrease when the coolant flow rate through the engine block is increased or 
decreased.
Similar to the trends observed in the test result of the coolant flow rate variation 
through the cylinder head, these irregular trends are probably related to the changes in 
MAP and MAF presented in Figure 5.11 and Figure 5.12 respectively. For most 
cases, it can be observed that the change in MAF strongly influenced the direction of 
change in the BSNOx output except for cases where the change in MAP is sufficiently 
significant to amplify the change in the NOx concentration in the opposite direction. 
Further, the inverse relationship between the change in the BSFC and the change in 
BSNOx output is not observed with most step change in the coolant flow. Although 
the percentage change in the BSFC and BSNOx are similarly small, only two test
129
conditions had questionable BSFC measurements as the rest are much more 
significant that the error terms presented in Table 5.2.
The change in the brake specific CO and uHC output with the step change in the 
coolant flow rate through the engine block presented in Figure 5.13 and Figure 5.14 
respectively does not seems to follow any trend. Similarly, the bulk of the results are 
deemed valid as most are more significant that the measured error terms. However, a 
significant part of the result indicates that the brake specific CO and uHC output 
would decrease with increasing coolant flow rate through the engine block and vice 
versa. Though this observation appears to contradict established understanding and 
findings, this trend might be related to the reduction in the lubrication oil carry over 
from the piston ring pack and chamber wall, and the subsequent incomplete 
combustion products with lower engine block temperature.
5.5.3 The effect of simultaneous change in the coolant flow rate 
through the cylinder head and engine block
For a number of modal test points, additional tests were conducted to evaluate the 
effect of simultaneous step increase or decrease in the coolant flow rate through the 
cylinder head and engine block to emulate the effect induced by the conventional 
engine cooling system. With the coolant flow rate through the cylinder head and 
engine block changing in tandem, the average metal temperature of the engine 
responded accordingly as in Figure 5.15. The average metal temperature is an 
average value from all the thermocouple readings in the cylinder head and engine 
block. Except for a few test conditions, the change in the BSFC and BSNOx output 
with the tandem change in the coolant flow rate through the cylinder head and engine 
block presented in Figure 5.16 and Figure 5.17 appears to follow a regular trend.
The trend shown in Figure 5.16 indicates that BSFC would be reduced with the 
reduction in the coolant flow rate through the engine and vice versa. In a similar 
fashion, the result in Figure 5.17 indicates that the BSNOx output is higher with the 
reduction in the coolant flow rate through the engine while the opposite is true when 
the coolant flow rate is increased. With this, the well known inverse relationship 
between BSFC and the BSNOx output is observed. This regularity in the change in
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the BSFC and the BSNOx output is likely to be caused by the tandem change in the 
coolant flow rate. With the simultaneous change in the coolant flow rate, the change 
in the in the average metal temperature is doubled, which is likely to have a more 
notable effect on the engine frictional losses and the gas dynamics. As such, the BSFC 
and BSNOx error terms are insignificant to these measurements with few exceptions.
With the tandem change in the coolant flow rate, the change in the MAP and MAF 
presented in Figure 5.18 and Figure 5.19 also follows a particular trend. With the 
reduction in the coolant flow rate, the results in Figure 5.18 indicate that the increase 
in metal temperature caused the MAP to increase by more than 1% as the temperature 
of the inlet charge increased. The results presented in Figure 5.19 indicate that the 
increase in the inlet charge temperature as the coolant flow rate is lowered would 
lower the MAF. Whilst the reduction of up to 2% in the MAF favours lower NOx 
output, the increase in the NOx concentration is sufficiently large to induce an 
increase in the BSNOx output. Thus the increase in the NOx concentration is related 
to the increase in the MAP and charge temperature.
In contrast to the other results, the change in the brake specific CO and uHC output 
presented in Figure 5.20 and Figure 5.21 appears irregular. Again the error terms are 
insignificant in most cases as the measured changes in both parameters are mostly 
large. Some of the results indicate that the BSCO is lowered while the BSuHC is 
increased with the reduction in the coolant flow rate through the engine. While the 
reduction in the BSCO output with the reduction in the coolant flow rate can be 
attributed to the increase in gas temperature and initial combustion rate, indicated by 
lower BSFC and higher BSNOx output, the increase in the BSuHC output contradicts 
established findings. As such, this increase in the BSuHC is unlikely to be associated 
with to the changes in the combustion process.
5.5.4 The change in lubricant oil temperature with the variance in the 
coolant flow rate through each section of the engine
Although the coolant flow rate through the oil cooler was kept constant as the coolant 
flow rate through the individual sections of the engine was varied, the change in the 
metal temperatures of the engine as the result of these changes would also cause the
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lubricant oil temperature to change in tandem. The change in the lubricant oil 
temperature is one the mechanisms by which the change in the coolant flow rate 
through a particular section of the engine influences the engine’s fuel consumption. 
Figure 5.22, 5.23 and 5.24 present the change in the lubricant oil temperature 
observed as a result of coolant flow variations through the cylinder head, engine block 
and engine respectively. Although these figures show that the lubricant oil 
temperature changed in tandem with the coolant flow rate through the individual 
section of the engine, the observed changes in BSFC presented in the preceding 
sections with this change in lubricant oil temperature were mostly small. This is due 
to the small magnitude of the change in the lubricant oil temperature.
The changes in the lubricant oil temperature presented in these figures are much 
smaller than those presented in Table 5.4 because the changes in the average engine 
metal temperature in these tests are much smaller than the tabulated result, roughly 
eight times smaller when a 5°C change in cylinder head or engine block metal 
temperature is compared against the 20°C change in average metal temperature for the 
test results presented in section 5.4. Even with the large change in the lubricant oil 
and engine metal temperature presented in section 5.4, the change in BSFC is only 
about 1% on average and thus the small change in BSFC observed in the tests for the 
effect of variable flow through individual section of the engine is not surprising.
5.5.5 Concluding the effect of the split cooling
The bulk of the test results for the changes in coolant flow rate through either the 
cylinder head or the engine block with the coolant inlet temperature at 85°C do not 
seem to follow any particular trends. The reason for this irregularity is probably the 
small range of change in the metal temperature even though the change in the coolant 
flow rate is quite significant, ranging from halving to doubling the flow rate. With the 
approximately 5°C change in the sectional metal temperature, the mean temperature 
change in for the whole engine is only half of that value. As the average metal 
temperature for the engine is mostly in the region of 120°C and above, the small 
change in the metal temperature only have minimal effect on the BSFC and brake 
specific emissions output.
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For the BSFC in particular, the 5°C change in the sectional metal temperature would 
only slightly influence the temperature of the lubrication oil, which in turn influences 
the engine frictional losses. It is evident from the test results that there are slight 
difference in the combustion process, brought on by the variability in the MAP and 
MAF. The slight change in the combustion process interacts with the change in the 
engine frictional losses to produce the observed change in BSFC and BSNOx output. 
One of the characteristics for most of these results is that there is no inverse 
relationship between the change in BSFC and the BSNOx, departing from established 
understanding. While the BSCO output is reduced with the reduction in the coolant 
flow rate in most cases, its response to the increase in the coolant flow rate is less 
regular. As for the BSuHC output, its response to the change in the coolant flow rate 
appears to be highly irregular.
With the tandem change in the coolant flow rate through the cylinder head and engine 
block, the response of the BSFC and the BSNOx output follows a regular trend and, 
the inverse relationship between BSFC and the BSNOx output is observed. The 
regularity in the engine responses in these tests is due to the larger change in metal 
temperature which has a more definitive effect on the engine frictional losses and gas 
dynamics. With the BSCO output decreasing as the metal temperature is increased, 
the erratic responses of the BSuHC output suggest that its output is not related to 
changes in the combustion process. Except for a few cases where the measured 
change in BSFC, BSNOx, BSCO or BSuHC is relatively small, bulk of the test results 
are deemed valid as they are much more significant than the presented error terms.
5.6 Concluding remarks - summary
The first set of tests conducted was used to define the baseline condition and the 
resulting engine outputs of the modified test engine. The baseline condition for each 
modal test point was determined by setting the coolant flow rate through the cylinder 
head and engine block, with the coolant inlet temperature at 85°C, to emulate the 
metal temperature observed in the unmodified base engine when operated under 
similar conditions. The resulting engine outputs and operating parameters from these 
tests are used as the reference value for which latter test results are compared against.
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To evaluate the effect of lower operating temperature, the test at each modal test point 
was repeated with the coolant inlet lowered to 50°C.
With the reduction in the coolant inlet temperature, the metal temperature was 
reduced by 20°C while the lubricating oil temperature was lowered by 14°C on 
average across the test points. While the reduction in the coolant inlet temperature on 
average, only causes 1.5% reduction in the brake specific mass air flow rate, the 
manifold inlet pressure was lowered by up 7% in a number of test points. BSFC was 
only increased by 1.1% on average, with the lower lubricating oil temperature and 
reduced manifold inlet pressure, in contrast to the expected change based on results 
from previous studies. Further, BSFC was reduced for two of the nine modal test 
points with the reduction in the coolant inlet temperature. These results indicate a 
potential improvement in the combustion characteristics with lower operating 
temperature.
The reduction in the metal temperature and the manifold inlet pressure cause a notable 
reduction in the NOx gas concentration and, when coupled with the lowered brake 
specific mass air flow rate produce a 13% average reduction in the BSNOx output. 
The reduction in the NOx concentration was reinforced by the reduction in brake 
specific O2 output and an increase in the brake specific CO2 output, which suppresses 
the formation of NOx gases. The BSCO output was increase by 16% on average, with 
up to 30% increase for low engine load conditions gradually decreasing as the engine 
load was raised. The BSuHC output exhibit a similar trend although its output was 
actually lowered for two high load modal points.
The effect of the split cooling was evaluated by varying the coolant flow rate through 
the cylinder head and the engine block independently as well as in tandem, with the 
coolant inlet temperature at 85°C, to induce approximately 5°C changes in the metal 
temperature in both directions. The results for the independent variance of the coolant 
flow rate in either the cylinder head or the engine block are mostly irregular and do 
not have any established trend. The irregularity of these test results was attributed 
ineffectiveness of the small change in metal temperature to induce notable change in
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BSFC and BSNOx output. The change in BSFC was mostly within 0.5% of the 
baseline value while the change in the BSNOx output was within 4%.
The irregularity in BSFC and BSNOx output was likely to be due to the slight 
difference in the combustion process, exemplified by the changes in MAP and MAF, 
interacting with small changes in the engine frictional losses as the metal temperature 
varies with the coolant flow rate. The change in the BSCO output was partly regular 
showing a reduction of up to 5% of the baseline value with increased metal 
temperature. In contrast, the change in the BSuHC output was highly irregular with 
changes varying from -7% to 12%.
With the tandem change in the coolant flow rate through the cylinder and engine 
block, BSFC and the BSNOx output had similar percentage changes as seen in the 
independent flow variation test albeit observing a regular trend. In these tests, BSFC 
was increased with the increase in the coolant flow rate through the engine and vice 
versa while the BSNOx output change in the opposite manner to BSFC, observing the 
well known inverse relationship between the two parameters. As the change in the 
metal temperature are doubled in these tests, its effect on the engine frictional losses 
and gas dynamic are more definitive resulting in a more uniform response.
The response of the BSCO output also conforms to established trend, rising with 
increasing coolant flow rate. Noting the trend of change for the other emissions, the 
irregular response of the BSuHC output with the step change in the coolant flow rate 
suggest that its response is not related to changes in the combustion process. Although 
the change in the observed variables relative to their baseline value with the step 
change in the coolant flow rate through individual sections of the engine is mostly 
small, particularly the change in BSFC and BSNOx, the bulk of the results are valid 




























Coolant flow rate through the cylinder head (I/s)
Figure 5.1 Average cylinder head temperature against coolant flow rate through 
the cylinder head for the each modal point
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Coolant flow rate through the cylinder head (I/s)
Figure 5.2 Percentage change in the BSFC against coolant flow rate through the 
cylinder head for each modal point
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Coolant flow rate through the cylinder head (I/s)
Figure 5.3 Percentage change in the BSNOx output against coolant flow rate 
through the cylinder head for each modal point
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Coolant flow rate through the cylinder head (I/s)
Figure 5.4 Percentage change in inlet manifold pressure against coolant flow rate 
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Coolant flow rate through the cylinder head (I/s)
Figure 5.5 Percentage change in the mass air flow rate against coolant flow rate 
through the cylinder head for each modal point
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Figure 5.6 Percentage change in the BSCO output against coolant flow rate 
through the cylinder head for each modal point
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Figure 5.7 Percentage change in the BSuHC output against coolant flow rate 
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Figure 5.8 Average engine block temperature against coolant flow rate through 
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Figure 5.9 Percentage change in the BSFC against coolant flow rate through the 
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Figure 5.10 Percentage change in the BSNOx output against coolant flow rate 
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Figure 5.11 Percentage change in the inlet manifold pressure against coolant flow 
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Figure 5.12 Percentage change in the mass air flow rate against coolant flow rate 
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Figure 5.13 Percentage change in the BSCO output against coolant flow rate 
through the engine block for the each modal point
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Figure 5.14 Percentage change in the BSuHC output against coolant flow rate 
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Figure 5.15 Average engine metal temperature against coolant flow rate through 
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Figure 5.16 Percentage change in the BSFC against coolant flow rate through the 
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Figure 5.17 Percentage change in the BSNOx output against coolant flow rate 
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Figure 5.18 Percentage change in the manifold inlet pressure against coolant flow 
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Figure 5.19 Percentage change in the mass air flow rate against coolant flow rate 
through the engine for the each modal point
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Figure 5.20 Percentage change in the BSCO output against coolant flow rate 
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Figure 5.21 Percentage change in the BSuHC output against coolant flow rate 
through the engine for the each modal point
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Figure 5.22 Change in lubricant oil temperature relative to the baseline condition 
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Figure 5.23 Change in lubricant oil temperature relative to the baseline condition 
against coolant flow rate through the engine block for each modal test point
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Figure 5.24 Change in lubricant oil temperature relative to the baseline condition 
against coolant flow rate through the engine for each modal test point
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6 Experimental results and analysis 2 -  Combined low 
operating temperature and split cooling, and controlled 
lube oil cooling
6.1 Introduction
Following the independent assessment of the effect of lower operating temperature 
and the effect of variable cooling on each section of the engine, the combined effect 
of both factors was evaluated. The tests were designed to reveal if there was any link 
between metal temperature and the BSFC and the brake specific emissions output. 
Further, the effect of variable oil cooling and its interaction with the other factors was 
assessed.
6.2 The combined effect of lower operating temperature and variable 
cooling in each section of the engine
The evaluation of the combined effect of lower operating temperature and variable 
cooling in each section of the engine was similar to the test approach described in 
section 5.5, differing only on the 50°C coolant inlet temperature and the focus on test 
conditions with lower coolant flow rate. For these tests, the coolant flow rate was set 
to those used in the variable flow test with the coolant inlet temperature at 85°C, 
easing the comparison and analysis of the variability in effect induced. As one of the 
motivations for the work was to improve fuel efficiency and, knowing the 
independent effect of lower operating temperature and variable cooling, the test work 
was thus focused on low flow conditions because these should compensate for the 
increase in BSFC caused by the lower operating temperature.
The results from these tests are presented along with the test results for the variable 
flow tests with the coolant inlet temperature at 85°C. Figure 6.1 shows that the metal 
temperature response with the coolant inlet temperature at 50°C was similar to those 
with the coolant inlet temperature at 85°C. However, it differed by having a greater 
magnitude of change in the metal temperature, with almost double the temperature 
rise seen in the test with the coolant inlet temperature at 85°C. The change in the 
BSFC in these tests was also more significant, as in Figure 6.2. It also showed a trend
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which supports the reduced BSFC observed in the two modal points, 1500rpm with 
153.6Nm and 2500rpm with 76.8Nm, in response to the lower operating temperature, 
presented in section 5.5.
For these two modal points, the BSFC increases with the increase in metal 
temperature induced by the reduction in coolant flow rate. This is in contrast to the 
BSFC response observed at other modal test points for similar test conditions, where 
BSFC was generally lowered with the increase in average metal temperature. The 
reduction in BSFC in the low flow tests with the lower coolant inlet temperature was 
much more significant compared to the tests at the higher coolant inlet temperature, 
with a reduction of more that 2.5% instead of 0.5% in the latter. This result suggests 
that there a relationship between the change in metal temperature and the change in 
BSFC. The change in the BSNOx output presented in Figure 6.3 illustrates a more 
consistent response across the test points, with BSNOx output generally increasing 
with the increase in average metal temperature, which agrees with the general trend 
shown when the results from the variable flow test with the coolant inlet temperature 
at 85°C are factored in. However, there were some irregularities in the responses, as 
in the result for the low total engine flow at 2500rpm with 76.8Nm.
Considering the BSCO output, the results shown in Figure 6.4 indicate that it was 
generally lowered with the increase in average metal temperature but the result for 
some test conditions did depart from this general trend. Factoring in the test results 
with the coolant inlet temperature at 85°C, it could be deduced that the change in 
BSCO output is inversely proportional to the increase in average metal temperature. 
In contrast, the change in the BSuHC output shown in Figure 6.5 was seemingly 
uncorrelated to average metal temperature changes though it did show a general 
increase with the lower coolant inlet temperature. As the change in BSFC and brake 
specific emissions output (BSNOx, BSCO and BSuHC) was much more notable in 
these tests, the error terms tabulated in Table 5.2 are insignificant to the results 
presented in this section.
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6.3 Spatial metal temperature of the engine structure
With the changes in the coolant flow rate and temperature through the cylinder head 
and engine block, the spatial distribution of metal temperatures of the engine structure 
would also change in tandem. The average temperatures presented in earlier section as 
in the cylinder head temperature, engine block temperature or engine metal 
temperature are calculated by averaging all the readings from the particular section. 
These temperatures are considered representative of the thermal state of the particular 
section of the engine as the locations of the individual local metal temperature 
measurement reflect the regions critical to the engine performance. Figure 6.6 and 
Figure 6.7 exemplify the changes that can be observed in the local cylinder head and 
engine block metal temperatures respectively, with the change in coolant flow rate 
and/or temperature through the particular section of the engine. The cylinder head 
thermocouple locations denoted in Figure 6.6 are shown in Figure 6.8 while those 
locations denoted in Figure 6.7 for the engine block are shown in Figure 6.9.
Figure 6.6 shows how the local temperature differs across the different location 
inside the cylinder head, as the main coolant feed flows from the 4th cylinder bank to 
the 1st. As the coolant rises in temperature as it flow through the cylinder head, it is 
given that the observed local metal temperatures in the 4th bank is slightly lower that 
those in the 2nd bank. The variation in the local metal temperatures in the cylinder 
head with variation in the coolant flow rate and temperature was much more regular 
than those presented in Figure 6.7 for the local metal temperatures of the engine 
block. The change in the local metal temperatures in the engine block with coolant 
flow rate and temperature was less regular because the location of the coolant outlet 
point of the engine block made it impossible to achieve similarly uniform coolant 
flow across each cylinder. Thus, there are slight variations in the changes in the local 
engine block metal temperature with the change in coolant flow and temperature 
through the engine block.
6.4 Relating engine outputs to metal temperature
In contrast to the observation and analysis from the single factor tests, the results 
presented in the previous section which displays the effect of variable cooling in each 
section of the engine with different coolant inlet temperature indicate a link between
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the engine outputs and the metal temperatures. By collating the test results with 
different coolant inlet temperature and coolant flow settings, the resulting engine 
outputs with various cylinder head and engine block metal temperatures can be pooled 
together. Each test condition can be represented by a three dimension data point, with 
the x and y coordinate representing the cylinder head and the engine block metal 
temperature respectively, and the z coordinate representing engine outputs such as 
BSFC and the BSNOx output.
These data points can be used to create surface response plots which represent the 
trend of change in the particular engine output in response to changes in the cylinder 
head and/or the engine block metal temperature. The surface response plot such as 
those in Figure 6.10, representing the trend of BSFC, is created by using interpolation 
method based on the Delaunay triangulation method available in the Matlab™ 
software. The figures also contain the data points used to generate the surface 
response plot, with the data point marked black is for thermal variations with the 
coolant inlet temperature of 85°C and those in magenta is for thermal variations with 
the inlet temperature of 50°C. In a few of these plots, some of the data points are not 
visible due to overlay of the surface response plot.
With the exception to a few which exhibits a noticeable turning point, most of the 
surface response plots for BSFC at various modal points in Figure 6.10 indicate that 
the BSFC responds in a gradual and linear fashion to changes in cylinder head and/or 
engine block metal temperature. While Figure 6.10 (b), (c), (e) and (h) exhibit some 
unusual responses in BSFC to metal temperature changes in the surface response plot 
in the form of irregular patches and streaks, the gradual and uniform response of 
BSFC in other parts of the plot indicates that these irregularities in the response could 
be caused by experimental or measurement errors. The gradual response of the BSFC 
also applies to the two modal points exhibiting reduced BSFC when the coolant inlet 
temperature is lowered, which in Figure 6.10 (e) and (f), indicate a gradual increase 
in BSFC with the increase in the metal temperature.
For those BSFC surface response plots which does not exhibit much irregularity, there 
appears to be a centre line that mirror equal changes in BSFC passing through the
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plot. By comparing the individual plots in Figure 6.10, it can be observed that this 
line gradually shifts toward the cylinder head temperature axis at higher engine load 
conditions, indicating the increasing influence of the engine block temperature at 
higher load conditions on BSFC. As for the BSNOx output, the surface response plots 
in Figure 6.11 clearly show that its output is proportional to the increase in metal 
temperature, with only minor irregularities in some of the surface response plots. 
While some of the plots do exhibit a centre line that mirror equal changes in the 
BSNOx output, similar to those of the BSFC plots, the plots show that there are sharp 
contours in the surface response plots as in Figure 6.11 (c), (e) and (f), indicating 
significant fluctuation in the BSNOx output across certain cylinder head or engine 
block metal temperature.
In contrast to the irregularity in some of the responses of the BSCO output presented 
in the preceding chapter, the surface response plots in Figure 6.12 shows that, in most 
cases, it responds in a different manner to changes in the metal temperature, 
depending upon the engine speed and load condition. In general, the plots indicate 
that BSCO output is lowered with increasing metal temperatures. As for the BSuHC 
output, the surface response plots in Figure 6.13 shows that its response to changes in 
the metal temperatures is indeed irregular. By analysing the plots, it can be observed 
that the response of the BSuHC output to the change in the metal temperature is 
mixed, with half of the modal points showing increasing output with reduction in 
metal temperature while the rest show a reducing output for the same changes.
Although bulk of the plots do not have a large number of uniformly distributed data 
points, most of the surface response plots provides sufficient detail relating the trend 
of change in the engine outputs to changes in the metal temperatures. For most of the 
modal test points, the limits on the measurement accuracy as well as practical 
operational limits of the setup of the cooling system presented the main problem 
hindering the increase in data density. This issue is in addition to the lack of data 
points from different coolant inlet temperature for which the metal temperatures 
overlap which are necessary to prove that engine output can truly be correlated to 
metal temperatures. The problem arises because of practical operational limits, where 
the test result in previous sections has indicated than overlapping in the induced metal
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temperatures only occurs at intermediate to high temperature range because of 
difficulty in inducing low metal temperature with high coolant inlet temperatures.
Even with the low coolant inlet temperature, attaining intermediate or high metal 
temperatures using low coolant flow rate is difficult because of the limited 
measurement range of the flow meter used as well as the flow instability at low 
coolant pump speeds. As such, the trends of the engine outputs with lower and upper 
metal temperature range can only be represented by data from tests with high and low 
coolant inlet temperatures respectively. Regardless of these issues, the plots do show 
that BSFC and most of the brake specific emissions outputs respond to the changes in 
the cylinder head and the engine block temperature.
6.5 The effect of variable oil cooling
The effects of variable oil cooling were evaluated in a similar manner to the effect of 
variable cooling on each section of the engine, which is by varying the coolant flow 
rate through the oil cooler. Instead of using the reference temperature data on the 
lubricant oil temperature to set the baseline condition, the baseline condition for this 
parameter was set based on the range of available coolant flow rates through the oil 
cooler. Due to the high flow resistive loss of the oil cooler and the small coolant pump 
used in the oil cooler circuit, the maximum coolant flow rate through the oil cooler in 
this set up was limited to about 0.11/s. With the low maximum flow limit, using 
reference temperature data on the lubricant oil temperature to set the baseline 
condition was not feasible because the lubricant oil temperature in the unmodified 
base engine tend to be much lower than the modified engine because of the coolant 
flow regime in the engine structure of the unmodified engine tended to overcool the 
lubricant oil. At most modal test points, this difference in the coolant flow regime 
inside the engine causes the oil temperature of the test engine at the baseline condition 
to be about 5-10°C higher that those from an unmodified base engine.
Thus, it is difficult, if not impossible, to achieve very low lubricating oil temperatures 
with such a low maximum coolant flow rate limit and small oil cooler. As such, the 
baseline condition for the lubricating oil temperature was chosen to be the resulting 
oil temperature when the coolant flow rate through the oil cooler was set to the mid
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range of the available coolant flow rate which was typically about 0.0451/s. The effect 
of variable oil cooling was then assessed by increasing or reducing the coolant flow 
rate through the oil cooler. The effect of variable oil cooling was evaluated 
independently as well as in conjunction with the two other factors. Although the 
coolant flow rate through the individual sections of the engine were kept constant 
during these tests, the metal temperature of the cylinder head and engine block did 
vary slightly due to changes in the heat transfer equilibrium. Most of the initial tests 
conducted to evaluate the effect of variable oil cooling were performed with the 
baseline coolant flow condition in the engine, with some tests conducted with the 
coolant inlet temperature at 50°C. In the second series of tests, the tests on the oil 
cooler included various coolant flow conditions and temperature through the engine.
6.5.1 The effect of variable coolant flow rate through the oil cooler at 
baseline conditions
With the coolant flow settings and temperature through the engine at baseline 
condition, the effect of oil cooling was evaluated by applying a step increase and a 
step decrease in the coolant flow rate through the oil cooler. This induced a step 
decrease and a step increase in the lubricant oil temperature at the oil sump. The 
resulting effect of the variation of the coolant flow rate through the oil cooler, with the 
coolant inlet temperature at 85°C as well as 50°C, to the lubricant oil temperature is 
presented in Figure 6.14. Naturally, the temperature of the lubricating oil increased 
with the reduction in coolant flow rate through the oil cooler and vice versa. It can be 
observed from the figure that the change in the lubricant oil temperature is limited to a 
few degrees in response to the change in the coolant flow rate through the oil cooler.
The lubricant oil temperature would naturally reach an upper limit as the coolant flow 
rate through the oil cooler was reduced towards zero. The reduction of the gradient of 
some of the trend lines with the reduction in coolant flow rate through the oil cooler in 
Figure 6.14 appears to support this deduction. This upper limit existed because the 
lubricant oil would unavoidably dissipate heat into the metal structure of the engine 
when its temperature is higher than the local metal temperature and also due to the 
limited proportion of the fuel energy dissipated by the lubricant oil. The tendency of 
the lubricant oil to dissipate heat energy to the engine structure is more likely at
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higher power modal test points as the results presented in section 5.4 shows that the 
average metal temperature is higher than the lubricant oil temperature at lower power 
conditions but the trend is reversed at higher power conditions.
The limited change in the oil temperature at higher power conditions is reinforced by 
the observation of the response to the change in coolant flow through the oil cooler at 
2000rpm and 153.6Nm showing about 2°C change in the lubricant oil temperature, in 
each direction. It is shown in the same figure that the range of temperature change is 
increased marginally with the reduction in the coolant inlet temperature. With the 
exception of the response at one modal point, the bulk of the test results presented in 
Figure 6.15 indicate that BSFC is generally lowered with an increase in the lubricant 
oil temperature while the opposite is true when the lubricant oil temperature is 
reduced. The BSFC response for the modal point at 1500rpm and 153.6Nm shows a 
contrasting response to those that are generally observed, with reduction in the BSFC 
as the oil temperature is lowered.
The irregularity of the BSFC response for this modal point may be attributed to the 
2°C increase in the metal temperature with the reduction in the coolant flow rate 
through the oil cooler, where the test results from preceding sections have shown the 
reduction of BSFC at this modal test point is more favourable at lower temperatures. 
Such a trend is not observed in the BSFC response for the modal point at 2500rpm 
and 76.8Nm, the other modal point which exhibited a trend of lower BSFC with the 
low coolant inlet temperature, because the metal temperature in this case has stayed 
nearly constant. The change in the average engine metal temperature at most modal 
points was mostly less than 1°C and such small changes in the metal temperature 
would have a negligible effect on the observed change in BSFC and BSNOx output 
based on the results presented in the preceding chapter. The range of the change in 
BSFC for most modal test points was similar to those of the variable coolant flow 
settings through the engine, which was typically within 0.5% of the baseline value. 
The plot also shows that the BSFC response is more prominent with the lower coolant 
temperature, presumably due to the larger range of change in the lubricant oil 
temperature and, thus a greater effect on the engine frictional losses. The range of
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change in the lubricant oil temperature is 7°C with lower coolant inlet temperature 
instead of 4°C with base coolant inlet temperature at 2500rpm and 76.8Nm
Though initially unforeseen, the variation of the coolant flow rate through the oil 
cooler leads to the notable change in the BSNOx output presented in Figure 6.16. The 
range of change in the BSNOx output is up to 3% of the baseline value making them 
comparable to those of variable cooling on each section of the engine. With few 
exceptions, the plot shows that the BSNOx output is increased with the increase in the 
lubricant oil temperature and vice versa. This increase in the BSNOx output with the 
increase in the lubricant oil temperature is attributed to the change in the MAP and 
MAF with the coolant flow variation through the oil cooler presented in Figure 6.17 
and Figure 6.18 respectively. The figures show that the MAP and the MAF is 
generally increased with the increase in the lubricant oil temperature and vice versa.
The increase in the MAP leads to the increase in the NOx gas concentration while the 
increase in MAF leads to the increase in the gravimetric emissions output and thus, 
causing the increase in the BSNOx output. The consistent increase in the MAP and 
MAF with the reduction in the coolant flow rate through the oil cooler indicates that 
the breathing performance of the engine is improved as the result of the increase in 
the lubricant oil temperature. With less that 1°C change in the metal temperature 
across the test range for most modal test points and the negligible change in the pre­
turbine exhaust gas temperature, which would indicate the increase in the exhaust gas 
energy, the improved breathing performance is likely to be caused by the reduction in 
the frictional losses at the turbocharger bearing. The reduction in the turbocharger 
bearing losses would enable the increase in the rotor speed which would raise boost 
pressure and the mass air flow rate.
6.5.2 The effect of lower coolant flow rate through the oil cooler with 
variable coolant flow and temperature settings through the engine
Further to the tests with the coolant flow settings in the engine at the baseline 
condition, the effect of lubricant oil cooling was evaluated with variable coolant flow 
and temperature settings through the engine. The purpose of these tests was to 
establish the general response of BSFC and BSNOx output to the reduction in the
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coolant flow rate through the oil cooler. These tests were focused on the effect of 
increased lubricant oil temperature because it lowers BSFC, which is one the main 
objectives of this study. The tests were conducted in pairs, with base and low coolant 
flow rate through the oil cooler for each different coolant flow and temperature 
settings in the engine, for a selection of modal test points. The resulting effect of the 
increase in the lubricant oil temperature on BSFC for a selection of test conditions at 
2000rpm and 38.4Nm can be observed in Figure 6.19.
Similar to the trends observed in the preceding section, BSFC was lowered with the 
reduction in the coolant flow rate through the oil cooler. Further, it shows that the 
reduction in BSFC with the increase in the lubricant oil temperature was dependent on 
the coolant flow settings and temperature through the engine as well as the modal test 
point. This is indicated by two of the test conditions with the coolant inlet temperature 
at 50°C, which showed only minor reduction in the BSFC, in contrast to the larger 
change in BSFC in test conditions with the lower coolant inlet temperature, presented 
in the earlier section. The BSFC response to the increase in the lubricant oil 
temperature for two other modal points presented in Figure 6.20 and Figure 6.21 
supports this deduction.
The test result presented in Figure 6.20 shows that BSFC increases with the reduction 
in the coolant flow rate through the oil cooler for the low engine flow condition at 
both coolant inlet temperatures. However, the BSFC response for the other test 
conditions as well as those presented in Figure 6.21 shows greater reduction for test 
conditions with lower metal temperatures, similar to the observation made in the 
preceding section. As the change in the lubricant oil temperature was similar for all 
coolant flow variation through the engine at the same inlet temperature, the difference 
in the reduction of BSFC is unlikely to be caused by the difference in the oil 
temperature. Instead this difference might be caused by the differing level of heat 
transfer between the metal structures and the lubricant oil with the difference in the 
metal temperatures from the variation of the coolant flow settings through the engine.
As a consequence of the differing level of heat transfer, the change in the engine 
frictional losses varies, resulting in differing reductions in BSFC. The differing
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improvement in the BSFC could also be attributed to the slight increase in the MAP 
which improves the cyclic efficiency of the engine. Although the relative BSFC 
measurements between base and low coolant flow of each test condition were mostly 
small, experimental error was not a major issue as the absolute change in BSFC 
relative to the baseline value for most test conditions were more significant than the 
error terms presented in Table 5.2. With the exception of one test condition, the result 
presented Figure 6.22, Figure 6.23 and Figure 6.24 shows that the BSNOx output is 
increased with the reduction in the coolant flow rate through the oil cooler for various 
coolant flow and temperature settings in the engine. Similar to the response of BSFC, 
the response of the BSNOx output differs with the coolant flow and temperature 
settings through the engine.
However, the figures show that the increase in the BSNOx output with the increase in 
the lubricant oil temperature does not show any preference toward high or low metal 
temperatures. For this reason, the change in the BSNOx output is more likely to be 
associated to the change in the gas dynamics which are characterised by MAP and 
MAF. It has to be noted that the increase in BSNOx output is often driven by the 
marginal increase the MAF as the increase in the NOx concentration in these test are 
often in the regions of a few ppm, in contrast to the measured output in hundreds of 
ppm. Similarly to the BSFC measurement, the experimental errors in BSNOx 
measurement were insignificant for most test conditions as the measured change in 
BSNOx relative to the baseline were more notable than the error values presented in 
Table 5.2.
6.5.3 Summary of the effect of oil cooling
In general, the test results show that BSFC was lowered while BSNOx increased with 
a reduction of the coolant flow rate through the oil cooler, which raised the lubricant 
oil temperature. The change in BSFC for most modal points was typically within 
0.5% of its baseline value while the change for the BSNOx output was mostly within 
3% of its baseline value. The BSFC response to the change in the coolant flow rate 
through the oil cooler was greater at lower coolant inlet temperature because of the 
larger range of change in the lubricant oil temperature. The differing changes in the 
BSFC with the similar change in the oil temperature regardless of the coolant flow
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settings for the same coolant inlet temperature suggests that the lubricant oil 
temperature is not the sole factor influencing the engine frictional losses.
Instead, it is deduced that the magnitude of the change in BSFC in response to the 
change in the coolant flow rate through the oil cooler is dependent on the metal 
temperature of the engine as the local metal temperature inside the engine could 
influence the local temperature of lubricant oil which is in contact with sliding contact 
surfaces. In contrast, the change in the BSNOx output in response to the change in the 
coolant flow rate through the oil cooler does not notably react to the change in metal 
temperatures. Instead, it shows a strong dependency to the change in the gas 
dynamics, indicated by the MAP and the MAF. The change in the MAP and MAF 
with the variation in the coolant flow rate through the oil cooler is probably due to the 
change in the turbocharger performance.
6.6 Experimental issues
6.6.1 Consistency of the test result
One of the main issues with these experimental tests is the consistency of the test 
result as a large proportion of the test conditions had a small measured difference in 
BSFC and brake specific emissions output with regard to the baseline or reference 
condition. The small measured difference in fuel flow rate and concentration of 
emissions is an issue because it makes measurement error very significant when 
comparisons are being made between the results from one test condition to another. 
These measurement errors are particularly obvious in the surface response plots, 
where the points with measurement errors do not coincide with the localised trend, 
creating streaks and irregular patches on the surface plot, even when the data set 
consists of test data with the same coolant inlet temperature.
However, the irregular trend observed in the surface response plots can not be 
definitively attributed to the measurement error on the fuel flow rate or concentration 
of emission gas because the measurement error could be on the temperature 
measurements. Although repeats and averaging were used to minimise the 
experimental error, measurement error depends very much on the measurement
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device as well as measurement method. For BSFC, the measurement error of the fuel 
flow rate can be reduced by using the cumulative fuel weight measurement, though 
this approach is susceptible to error due to the slight variation in the engine speed and 
load even with the locked set point in the test cell controls for both parameters.
This variation occurs because of the disturbance introduced into the two control loops 
of the test cell from the cyclic variation of the engine power output. Using the 
cumulative fuel weight measurement would required the normalising the measured 
values to the power output to correctly represent the test result, where the emissions 
outputs are presented as specific emissions. With such corrections, errors arise 
because the test result is an approximation of the actual reading. As such, the trends 
for parameters such as MAP and MAF can be incorrectly represented. For these 
reasons, the instantaneous fuel mass flow rate measurement was used as it allowed the 
selection of the data set that had minimal variation in the engine speed and load, 
eliminating the error due to approximation.
6.6.2 Small range of test conditions
The small range of test conditions or discrete steps is another key issue associated 
with this experimental investigation. In particular, the number of data points used to 
evaluate each thermal management feature is limited. For most modal points, the 
limitation on the number of data point used was the limit of the available range and 
the resulting measured change. This limitation is observed in various sets of the test 
results, particularly where coolant flow variation is involved. The issue stems from 
the fact that the observed change in temperatures, engine outputs and other parameters 
can often be small even with a large change in coolant flow rate. Though increasing 
the number of step changes in the coolant flow rate would capture more detail of the 
engine responses, the change in the measured parameters for the intermediate 
conditions would be even smaller than those presented here. Such small measured 
changes in the output are highly dubious because the experimental scatter can often be 
much more significant that the measured change. To limit the problem of 
experimental scatter, the test conditions were limited to large discrete steps.
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6.6.3 Practical limits
As to all engineering work, time and resources are the governing factors. From the 
perspective of time and resources, thermal testing poses a challenge because of the 
long duration of time required to a reach fully stabilised state when a thermal factor 
has been changed. The lubricant oil temperature is the slowest responding parameter, 
primarily due to its small flow rate and large reservoir. However, it is also one of the 
most important operational parameters, which can influence the accuracy of all 
measurements. At high speed modal test points, the stabilisation time is much shorter 
because of the higher heat transfer rate to the oil system, allowing more test 
conditions to be tested in a single test run. Even so, each test condition takes at least 
30 minutes to reach an equilibrium state, making the test very time and resources 
consuming when repeats are factored in.
6.7 Concluding remarks
The test results show that BSFC and BSNOx response to the reduction in coolant flow 
rate is much greater at lower coolant inlet temperature. The notable change in the 
responses was attributed to larger changes in average metal temperatures. The result 
also supports the contrasting trend in BSFC response observed at two modal points. 
Collated data from the experimental test were used to generate surface response plots 
that show that the change in BSFC and BSNOx are related to the change in the metal 
temperatures of the engine. In most cases, BSFC and BSNOx output responded in a 
gradual and linear manner to the change in metal temperatures, with the engine block 
metal temperature having increasing influence with increasing engine load. In 
contrast, changes in BSCO and BSuHC show only a slight correlation to metal 
temperature changes, although this relationship is more noticeable when there is a 
change in the coolant inlet temperature.
The test results describing the effect of varying coolant flow rate through the oil 
cooler show that BSFC is lowered while BSNOx is increased with increasing 
lubricant oil temperature. The change in BSFC is within 0.5% while BSNOx output 
changes by around 3% of the baseline value, and these changes were greater at lower 
coolant inlet temperature, presumably due to the greater change in the lubricant oil 
temperature. When the variation of the coolant flow rate through the oil cooler was
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combined with variable flow rate through the engine, the BSFC responses suggest that 
changes in metal temperatures have a similar effect on the engine frictional losses to 
that attributable to changes in the lubricant oil temperature. In contrast, the BSNOx 
output changes appear to be independent of the metal temperatures, responding only 
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Figure 6.1 Average metal temperature of the engine with different coolant flow 
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Figure 6.2 Change in the BSFC with different coolant flow settings and 
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Figure 6.3 Change in the BSNOx output with different coolant flow settings and 
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Figure 6.4 Change in the BSCO output with different coolant flow settings and 
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Figure 6.5 Change in the BSuHC output with different coolant flow settings and 
temperatures through the engine for each modal test point
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Figure 6.6 Local cylinder head metal temperature for different coolant flow rate 
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Figure 6.7 Local engine block metal temperature for different coolant flow rate 
through the engine block at 2000rpm and 153.6Nm
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Figure 6.10 Interpolated surface response plot for the BSFC against cylinder 
head and engine block metal temperature for various modal test points
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Figure 6.11 Interpolated surface response plot for the BSNOx output against 
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Figure 6.12 Interpolated surface response plot for the BSCO output against 
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Figure 6.13 Interpolated surface response plot for the BSuHC output against 
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Figure 6.14 Lubricant oil temperature against the coolant flow rate through the 
oil cooler for various modal point with different coolant inlet temperature
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Figure 6.15 Change in the BSFC against the coolant flow rate through the oil 
cooler for various modal point with different coolant inlet temperature
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Figure 6.16 Change in the BSNOx output against the coolant flow rate through 
the oil cooler for various modal point with different coolant inlet temperature
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Figure 6.17 Change in the manifold inlet pressure against the coolant flow rate 
through the oil cooler for various modal point with different coolant inlet 
temperature
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Figure 6.18 Change in the mass air flow rate against the coolant flow rate 
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Figure 6.19 Comparison of BSFC with variation of coolant flow through the 
different sections in engine at different coolant inlet temperature with base and 







I B SFC  with b ase
oil cooler flow
I B S F C  w ith low  
oil c o o le r  flow
H igh h e a d  an d  L ow  h ea d  a n d  b lock  B a s e  c o o la n t  flow  L ow  b lo ck  flow  w ith Low  h ea d  a n d  b lock
b lo ck  flow  with flow  w ith  C in = 8 5 °C  w ith C in = 5 0 °C  C in = 5 0 °C  flow  w ith C in = 5 0 °C
C in = 8 5 °C
V ariation  o f  c o o la n t  flow  ra te  an d  tem p e ra tu r e  through  t h e  different s e c t io n s  in e n g in e
Figure 6.20 Comparison of BSFC with variation of coolant flow through the 
different sections in engine at different coolant inlet temperature with base and 
low coolant flow through the oil cooler, at 2000rpm and 76.8Nm
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Figure 6.21 Comparison of BSFC with variation of coolant flow at 50°C through 
the different sections in engine with base and low coolant flow through the oil 
cooler, at 2500rpm and 76.8Nm
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Figure 6.22 Comparison of BSNOx with variation of coolant flow through the 
different sections in engine at different coolant inlet temperature with base and 
low coolant flow through the oil cooler, at 2500rpm and 38.4Nm
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Figure 6.23 Comparison of BSNOx with variation of coolant flow through the 
different sections in engine at different coolant inlet temperature with base and 
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Figure 6.24 Comparison of BSNOx with variation of coolant flow at 50°C 
through the different sections in engine with base and low coolant flow through 
the oil cooler, at 2500rpm and 76.8Nm
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7 Evaluating the improvement offered by thermal 
management
7.1 Introduction
In the operation of a Diesel engine any change in its operational settings will result in 
a change in the BSFC and brake specific emissions outputs. This includes changes to 
the thermal settings of the engine as shown in the preceding chapters. For some of the 
test conditions investigated, the desirability of the effects induced by adjustments to 
the thermal state of the engine is very clear, with a small reduction in the BSFC and a 
significant reduction in emissions outputs. A small number of test points resulted in 
an increase in BSFC and emissions output, which is clearly an undesirable outcome. 
In between, the bulk of test conditions resulted in changes in the output parameters 
with varying magnitudes in opposing directions such as reduction in BSFC but 
increases in the BSNOx output, and vice versa.
As such, quantifying the significance of the effect induced by a particular thermal 
setting is difficult given that one aspect of the engine performance is improved while 
another deteriorates. This behaviour is not unique to the thermal adjustments as most 
perturbations in engine control parameters result in such a trade-off in response. It is 
the balancing of these opposing effects which concerns the bulk of engine calibration 
effort. To evaluate the significance of the thermal variations investigated here, a 
comparison of the effect induced by the thermal variation is made against the effect 
induced by existing engine control parameters.
Only two key performance responses are considered, which are BSFC and BSNOx 
output, to avoid complicating the comparison by considering all the engine outputs. 
The consideration of these two parameters is particularly valid for modal points with 
medium and high engine load because the pre-catalyst exhaust gas temperatures 
presented in the preceding chapter indicate that the oxidation catalyst would be fully 
functional to reduce virtually all the CO and uHC emissions to carbon dioxide and 
water vapour at these conditions. In this case, the start of fuel injection timing and 
EGR ratio were used as comparators since they are the most significant calibration 
variables which have authority over BSFC and BSNOx.
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The approach used to compare and quantify the effects induced by changes to thermal 
settings and engine control parameters is the analysis of the trade-off ratio. Trade-off 
is exemplified by an inverse relationship between two responses, where an increase in 
one would lead to the reduction in the other. The trade-off ratio between two 
responses denotes the cost on one output for the improvement in the other, for which 
those of lower cost are superior. This identifies the parameter and the setting that 
would best improve the performance of the engine with the least drawback.
7.2 The concept of cost benefit comparison and the BSNOx vs. BSFC 
trade-off ratio
The concept of the trade-off ratio is based upon a cost benefit analysis. This measure 
is used to evaluate the magnitude of the gain achieved against the cost of a particular 
change. This normalises the change of varying magnitudes into a single number 
which indicate the gain achieved per unit cost. This allows the effect of the change in 
thermal settings to be rated against those of engine control parameters. Such an 
approach can be adapted to any trade-off situation. For thermal settings that resulted 
in reduced BSNOx but increased BSFC, the measure used is the NOx vs. BSFC trade­
off ratio, calculated using the following equation;
Trade-off ratio = (-change in BSNOx output) / (change in BSFC)
The minus sign is included in the equation because it presents the reduction in the 
BSNOx output as a positive change rather than one of negative change. By comparing 
the magnitude of the reduction in the BSNOx output per unit of BSFC, the 
significance of the change in the thermal settings can be easily established.
Graphically, the comparison of the trade-off ratio of the thermal conditions with 
reduced BSNOx but increases in BSFC against the trade-off ratio of engine control 
parameter is represented by Figure 7.1. The axes of the figure are change in BSFC 
and change in BSNOx referenced to the baseline condition for the engine at this 
operating point. It can be seen that a point appearing in the top right quadrant will be 
of worse performance for both BSFC and BSNOx than the baseline condition.
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Conversely a point appearing in the bottom left quadrant would be better in terms of 
BSFC and BSNOx than the baseline. Most points, however, will be expected to fall 
into the top left or bottom right quadrants, indicating a trade-off between BSNOx and 
BSFC.
On these axes, the test result representing the effect of a control parameter changes is 
plotted and linked with the origin by a dotted line. It may be assumed that for such 
small changes in the engine settings, the change in the BSFC and BSNOx output are 
linearly related. Any point on this line could be achieved by adjusting the engine 
control parameter. Superimposed on this data are points representing the effect of 
different thermal settings. The position of these points relative to this line 
demonstrates the qualities of the different settings. It can be readily deduced from 
Figure 7.1 that the points marked in blue in the would offers higher reduction in 
BSNOx output for the same increase in BSFC compared to those induced by changing 
the settings of the engine control parameter. Conversely the red points offer a 
reduction in BSNOx but at a higher cost in BSFC than could be achieved by adjusting 
the engine control parameter. Numerically, this would mean that the magnitude of the 
trade-off ratio for the blue points would be greater than those of the engine control 
parameter and the opposite is true for the red points. This facilitates a simple 
numerical evaluation of the benefits of the thermal settings used in comparison to 
conventional engine control parameters.
Given that the change in the thermal settings also leads to cases where the BSFC is 
lowered instead of the BSNOx output, the trade-off ratio used in such cases is the 
inverse of those in the case of reduced BSNOx output, as in the following equation;
Trade-off ratio = (-change in BSFC) / (change in BSNOx output)
Similarly, the graphical representation of the trade-off comparison for such conditions 
can be observed in Figure 7.2. However, neither of these expressions for trade-off 
ratio is appropriate when the change in both parameters is of similar directions, where 
there is an increase or decrease in both BSFC and BSNOx output, giving a negative 
trade-off ratio. In such cases, the direction of the change in both BSFC and BSNOx
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output is important in determining whether the settings is one that is highly desirable 
or one that should be avoided entirely.
To avoid having to evaluate the same set of data separately using two related trade-off 
ratio depending on the circumstances, the BSNOx vs. BSFC trade-off ratio was used 
as a common measure but interpreted depending on whether the BSNOx output or 
BSFC is lowered. As the BSNOx vs. BSFC trade-off ratio is inverted for cases with 
reduced BSFC, the better settings are represented by one of lower magnitude, 
indicating the reduction in BSFC caused smaller increase in BSNOx output.
7.3 The effects of conventional engine control parameters and the 
benchmarking trade-off ratio
To establish the benchmark for the evaluation, further engine tests were conducted to 
evaluate the effects of changing the settings of the engine control parameters. The 
evaluation of the effect of the fuel injection timing and EGR ratio on the BSFC and 
BSNOx involved step changes applied to the settings of both parameters 
independently about the reference settings for each modal point. The start of fuel 
injection timing was varied by 1° crank angle in both directions while EGR ratio was 
changed by varying the EGR valve opening by 1mm in both directions. The EGR 
ratio was varied by changing the EGR valve opening instead of a fixed change in the 
proportion of EGR gas because of the lack of a secondary CO2 measurement device 
that would have enabled accurate metering and control of the proportion of EGR gas 
at the inlet manifold. The 1mm change represented 10% of the total travel for the 
EGR valve.
A selected set of BSFC and BSNOx results for these tests for all modal points at 
engine speeds of 2000rpm and 2500rpm are presented in Table 7.1. The effect of 
changing the settings of the engine control parameters is tabulated as a measured 
change relative to the base condition together with the BSNOx against BSFC trade-off 
ratio. The BSNOx against BSFC trade-off is tabulated to ease the comparison of the 
significance of the change in the settings to the thermal factors because it normalises 
the varying change in the BSFC and the BSNOx outputs. From the tabulated result, it
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can be observed that the change in the EGR ratio is by far the most effective means of 
lowering BSNOx output compared to retarding the start of fuel injection.



















+1 0 0.11 -1.62 0.07
38.4 200
-1 0 -0.10 1.69 0.06
0 -1 0.56 -0.34 1.65
0 +1 -0.42 -0.18 -2.33
+1 0 0.09 -3.43 0.03
oo 76.8 400 -1 0 -0.09 1.56 0.06o<N 0 -1 0.53 -1.58 0.34
0 +1 -0.39 0.48 0.81
+1 0 0.25 -1.18 0.21
153.6 800
-1 0 -0.24 0.43 0.56
0 -1 0.82 -1.26 0.65
0 +1 -0.54 0.66 0.82
+1 0 0.11 -2.89 0.04
38.4 200 -1 0 -0.28 1.11 0.25
0 -1 0.72 -0.58 1.24
0 +1 -0.68 -3.75 -0.18
+1 0 0.13 -1.48 0.09
oo 76.8 400 -1 0 -0.06 1.63 0.04<N 0 -1 0.62 -1.16 0.53
0 +1 -0.35 1.10 0.32
+1 0 0.07 -0.36 0.19
153.6 800
-1 0 -0.18 0.21 0.86
0 -1 0.55 -2.10 0.26
0 +1 -0.32 1.08 0.30
Table 7.1 Change in the BSNOx output and BSFC, and the resulting trade-off 
ratio with the change in ECU setting.
This is exemplified by the sizeable reduction in the BSNOx output with the small 
penalty in the BSFC, resulting in a high trade-off ratio. Where it is of concern at low 
engine load, the emission of CO and uHC gas tend to increase with the EGR ratio or 
retarding the start of fuel injection. Increasing the EGR ratio or retarding the start of 
fuel injection also increases exhaust gas temperature by a few degrees, which is
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beneficial to the performance of the exhaust gas after treatment system, particularly at 
low load conditions. Even within the limited test conditions, the test results reflect the 
complicated and constrained nature of engine calibration. While it can be observed 
that increasing the EGR ratio is much more effective than retarding the start of fuel 
injection in reducing the NOx emissions, the results presented in Table 7.1 indicate 
that it is not used to its limits in the low load region (2000 and 2500rpm, 200kPa).
For both cases, the BSFC and the BSNOx output are both reduced with the increase in 
the EGR valve opening. Though this setting improves the BSFC and BSNOx output, 
and raises the temperature of the exhaust gas which would enable the light-off of the 
oxidation catalyst to effectively treat the CO and uHC emissions, the setting was not 
implemented in the engine calibration. In the past, the use of high EGR ratio at those 
operating speeds and load was avoided because it leads to excessive emissions of 
black smoke. As the problem of black smoke emissions has been virtually eliminated 
in current production vehicles with the adoption of high pressure fuel injection 
systems and particulate filters, such settings are still not being used because of 
drivability issues. Vehicle performance measures such as acceleration, progression of 
acceleration, pitching or yawing during braking or cornering are among the factors 
that are used to quantify the ‘driving feel’ or drivability of a vehicle. As it is a 
subjective measure, it tends to vary from one person to another but it is known that 
there are certain ranges or limits on the vehicle performance that are deemed 
acceptable or unacceptable to most or a majority of consumers
With the increase in EGR ratio, the MAF is proportionally lowered which in turn 
implies a lower steady state air fuel ratio (AFR). This dampens the engine response 
because the engine controller will limit the minimum AFR permissible for emissions 
purposes during a tip-in. In the initial stages of a transient, before the turbocharger 
response builds up, the most significant limiting factor on the transient AFR is the 
initial AFR selected as a steady state calibration point prior to the tip-in. The resulting 
acceleration of the vehicle in response to a step increase in the engine power demand 
will be constrained if the calibrated steady state EGR ratio is too high.
As the modem driver demands vehicles with good drivability, poor engine response 
and acceleration qualities are not permissible and thus indirectly set a subjective limit
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to the maximum steady state EGR ratio that can used in practice. Though the high 
trade-off ratio with the variation of the EGR ratio implies that the reduction in the 
BSNOx output with an increase in EGR ratio incurs a small BSFC penalty, it also 
implies that improvement in the BSFC with the reduction in EGR ratio incurs a 
significant penalty on the BSNOx output. This highlights the different perspective in 
interpreting the significance of a change from the magnitude of the trade-off ratio.
7.4 Selection of appropriate benchmark condition
Although both EGR ratio and fuel injection timing changes have been considered as 
conventional methods to alter the BSNOx to BSFC trade-off, the selected benchmark 
used for the comparison to the thermal conditions should be the one with more 
favourable trade-off characteristics. The appropriate engine control parameter (EGR 
or fuel injection timing) to be used as the standard measure to be compared against 
the changes in thermal settings depends on the effect of the change. For settings that 
reduce the BSNOx output, a high trade-off ratio is desired because it implies a small 
penalty on the BSFC but on the other hand, when the BSNOx output is increased, a 
small trade-off ratio is desired as it implies a large improvement in BSFC. Thus, the 
target trade-off ratio can be high or low depending on the direction of change in 
BSNOx output or BSFC. For test conditions with a reduction in BSNOx output, the 
preferable benchmarking parameter and setting is the one with the higher BSNOx vs. 
BSFC trade-off ratio between the two engine control parameters.
For most modal test points, this would imply that the benchmarking parameter would 
be the increase in EGR ratio. However, as the use of EGR would have already been 
maximised to the limit of subjective constraints as well as legislative requirements, 
the selected benchmarking parameter is the retardation of fuel injection timing 
instead. The benchmarking parameter for the test conditions exhibiting a reduction in 
BSFC would be the one with the lower BSNOx vs. BSFC trade-off ratio. As the trade­
off ratio for advancing the fuel injection timing is the lower than those of reducing the 
EGR ratio for all modal test points, it is opted as the benchmarking parameter for 
these cases.
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It can be noted for the tabulated result that the BSNOx vs. BSFC trade-off ratio for 
the fuel injection timing changes is increased in most cases with increasing engine 
load. This implies that a thermal variation with the same improvement in the BSFC 
and penalty on the BSNOx output would compares better at higher load, as the 
benchmarking trade-off ratio has a higher BSNOx penalty at a higher load modal 
point than for a lower load modal point. In contrast, a thermal variation with the same 
improvement in the BSNOx output and penalty on the BSFC would fare better at a 
low load modal point because the benchmarking trade-off ratio has a higher penalty 
on the BSFC at a low load modal point than a high load modal point. The effect of the 
increasing benchmarking trade-off ratio on the outcome of the comparison exercise 
can be observed in Figure 7.3.
7.5 Comparing the cost benefit ratio of the thermal variations
With the determination of the benchmarking engine control parameter for the case of 
reduced BSFC and the case of reduced BSNOx output as described above, the 
significance of the effects of the thermal variations can be assessed. The thermal 
variations evaluated included the individual effect as well as the combination effect of 
varying:
• coolant inlet temperature
• coolant flow rate through cylinder head
• coolant flow rate through engine block
• coolant flow rate through the oil cooler.
In each case the comparison of the trade-off ratio is made by charting the change in 
the BSFC against the change in the BSNOx output for each thermal condition along 
with those for the change in the fuel injection timing.
Presentation of results
As the BSNOx vs. BSFC trade-off ratio for each data point is represented by the 
gradient of the line connecting the origin to the point on the chart, the significance of 
the effects induced by each of the thermal variation can be observed from the relative 
position of the data point to the line formed by the data point for the change in the fuel
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injection timing, as presented in section 7.2. The following sections present the 
comparison of the trade-off ratio for a selection of modal points in this manner. The 
dark blue data point in these charts represents the thermal variations with the base 
coolant flow rate through the oil cooler while those in pink are for thermal variations 
with low coolant flow rate through the oil cooler. The charts also include the effect of 
changing the fuel injection timing for which its points and lines are in blue.
7.5.1 2000rpm and 38.4Nm
Figure 7.4 charts the change in the BSFC and BSNOx output for the various thermal 
conditions at 2000rpm and 38.4Nm. The data may usefully be grouped by coolant 
inlet temperature (85°C or 50°C) and oil cooler flow (base or low). All the thermal 
variations with the coolant inlet temperature at 85°C and base coolant flow rate 
through the oil cooler (point 1 to 6) reduced BSFC, except for two test conditions 
(point 2 & 6) which are in the bottom right quadrant and close to the line describing 
the effect of injection timing changes. Though these two points (point 2 & 6) are very 
close to the line indicating the effect of retarding the fuel injection timing, their trade­
off ratio of 0.03 and 0.047 are poorer than 0.06 induced by the conventional measures.
Two of these data points (points 1 & 4) are in the bottom left quadrant of the plot, 
indicating a reduction in the BSNOx output in addition to a reduction in the BSFC, 
exemplifying a highly desirable operating condition, even though in both cases the 
improvement in BSFC was very small. The two remaining points in this group (point 
3 & 5) had trade off ratio as small as 0.004 compared to 0.067 induced by advancing 
the fuel injection timing, denoting a significantly smaller penalty on the BSNOx for 
the same reduction in the BSFC. Graphically, the superior trade off characteristics of 
these points are exemplified by being located below the line describing advancing the 
fuel injection timing, closer to the x-axis. In general, all of the results discussed above 
are so close to the origin as to make their effect somewhat inconsequential. In 
contrast, the reduction in the BSFC seen in cases of thermal variations with the 
coolant inlet temperature of 85°C was somewhat higher when combined with a 
reduction in coolant flow rate through the oil cooler (data points 11-13, marked by 
magenta squares).
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Though this reduction only elevates the lubricant oil temperature by 3-4°C, the 
margin of improvement in the BSFC is quite significant. From Figure 7.4, it can be 
deduced that these thermal conditions had a much smaller BSNOx vs. BSFC trade-off 
ratio than those of advancing fuel injection timing as they incurred lesser increases in 
the BSNOx output for the same reduction in the BSFC. In fact, each of the three 
results exhibits a remarkably similar trade-off ratio to each other, hinting a linear 
relationship between BSFC and BSNOx in this region of operation. In summary, the 
results with coolant inlet temperature set to 85°C imply that thermal variations have a 
superior effect on engine performance when compared with advancing fuel injection 
timing for conditions which lowers the BSFC but increases the BSNOx output.
In contrast, the thermal variations with the coolant inlet temperature at 50°C and base 
oil cooler flow (points 7 to 9) incur a high penalty on the BSFC for a modest 
reduction in the BSNOx output. Even with the reduction in the coolant flow rate 
through the oil cooler (points 14 & 15), the penalty on BSFC cannot be fully 
compensated, leading to trade-off ratio ranging from 0.016 to 0.024 compared to 
0.067 for retarding the fuel injection timing. As such, the thermal variations are 
inferior to the conventional engine control parameter for conditions which lowers the 
BSNOx output but increases BSFC.
7.5.2 2500rpm and 38.4Nm
With the engine speed increased to 2500rpm at 38.4Nm, Figure 7.5 shows slight 
differences in the response of BSFC and BSNOx output for the various thermal 
conditions. Similarly, most of the thermal variations with the coolant inlet 
temperature at 85°C for both base (point 1-6) and low coolant flow rate through the 
oil cooler (point 11 to 13) lowered the BSFC. Three thermal variations (point 2, 3 and 
4) showed a reduction in both BSFC and the BSNOx output. Though the BSNOx vs. 
BSFC trade-off ratio of 0.037 for advancing the fuel injection timing was much lower 
for this modal point than that at 2000rpm, the marginal increase in the BSNOx output 
of the thermal variations (points 1 & 5) led to trade-off ratio as small as 0.009, 
indicating that as at 2000rpm, the thermal variations are superior in the case of 
reduced BSFC.
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Thermal variations with the coolant inlet temperature at 50°C and base coolant flow 
rate through the oil cooler (points 7 to 10) incurred a penalty on BSFC, but this was 
smaller than that seen at 2000rpm, combined with a more significant reduction in 
BSNOx output. The penalty on BSFC was significantly lower in most cases with the 
reduction in the coolant flow rate through the oil cooler (points 14 to 16), where one 
of them (point 15) showed a marginal improvement in BSFC together with a decent 
reduction in BSNOx output. Though the BSNOx vs. BSFC trade-off ratio of 0.25 for 
the benchmark was much higher at this modal point, only a small portion of these 
thermal variations had poorer trade-off ratio than achieved by retarding the fuel 
injection timing due to the afore mentioned change in the engine response. Thus, 
thermal variations are much better than retarding the fuel injection timing for cases 
with reduced BSNOx output but increased BSFC.
7.5.3 2000rpm and 76.8Nm
In contrast to the effect of increasing engine speed, Figure 7.6 shows the effect of 
increasing load at 2000rpm. There was a marked change in the response of BSFC and 
BSNOx output for the various thermal conditions. For this modal point, the figure 
shows that the bulk of the thermal variations with the coolant inlet temperature at 
85°C and base coolant flow rate through the oil cooler (points 1 to 6) increase the 
BSFC. With this unusual response in the BSFC, both the BSFC and the BSNOx 
output are increased in two of these thermal variations (points 1 & 3) although both 
these points lie close to the origin and are thus o f limited influence. Even so, these 
represent undesirable operating condition that would deteriorate the performance of 
the engine. The rest of this group (point 2, 4 & 6) showed a very minor reduction in 
the BSNOx output which led to trade-off ratios as low as 0.006 compared to 0.055 for 
retarding the fuel injection timing.
Even with the reduction in the coolant flow rate through the oil cooler (points 11 & 
12), the reduction in the BSFC was too small or the increase in the BSNOx output 
was too significant to return a good trade-off ratio. Further, the thermal variations 
with reduction in the BSFC had too high a penalty on the BSNOx output to have a 
trade-off ratio superior to those of advancing the fuel injection timing. The thermal 
variations with the coolant inlet temperature at 50°C and base coolant flow rate
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through the oil cooler (points 7 to 10) had a very similar trade-off ratio to that of 
retarding the fuel injection timing, averaging at 0.056 against 0.55. Even with the 
reduction in the coolant flow rate through the oil cooler (points 13 & 14), the average 
trade-off ratio only improves marginally to 0.060. As such, the thermal variations are 
slightly better than the conventional engine control parameter in such cases. In any 
case it can be stated that thermal management offers an alternative means of reducing 
BSNOx at this speed load point that is as effective as retarding the injection timing.
7.5.4 2500rpm and 76.8Nm
At 2500rpm and 78.6Nm, Figure 7.7 shows a startlingly stratified response, with two 
clear clusters of data. For the thermal variations with the coolant inlet temperature at 
85°C (points 1 to 5 and 11), the response was similar to those at lower engine speed 
of 2000rpm, where the thermal variations showed a slight increase or decrease in the 
BSNOx output as the BSFC increased. As those thermal variations with increases in 
both the BSFC and the BSNOx output are not desired, the consideration of the trade­
off ratio only applies to those with the reduction in the BSNOx output. With the minor 
reduction in the BSNOx output, the trade-off ratio for these thermal variations (point 
3 & 4) was smaller than those of retarding the fuel injection timing. In contrast, all 
thermal variations with the coolant inlet temperature at 50°C (points 6 to 10 and 12 to 
15) showed a reduction in both the BSFC and the BSNOx output, even with the 
reduction in the coolant flow rate through the oil cooler (points 12 to 15). The effect 
of the reduced inlet temperature dominates over all other changes to flow rate. This 
operating regime clearly offers significant scope to improve overall engine operation 
at this speed/load point.
7.5.5 2000rpm and 153.6Nm
Figure 7.8 presents the change in the BSFC against the change in the BSNOx output 
for the various thermal variations and the fuel injection timing changes at 2000rpm 
and 153.6Nm. Most of the thermal variations with coolant inlet temperature at 85°C 
(points 1 to 5 and 10) either lowered the BSFC but increases the BSNOx output or 
vice versa. The BSNOx vs. BSFC trade-off ratio for most of these thermal variations 
were quite similar to those for the advancing or retarding the fuel injection timing
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though those of the benchmarking parameters were superior in most cases. There was 
one thermal variation (point 1) at this coolant inlet temperature that reduced both the 
BSFC and the BSNOx output. Further, the reduction in the coolant flow rate through 
the oil cooler (point 10) lowered the BSFC with a minor increase in the BSNOx 
output to give a trade-off ratio better that advancing the fuel injection timing.
With coolant inlet temperature at 50°C, the high penalties on BSFC for the reduction 
in the BSNOx output for the thermal variation leads to poorer trade-off ratio ranging 
from 0.29 to 0.41 compared to 0.57 for retarding the fuel injection timing. Even with 
the reduction in the coolant flow rate through the oil cooler, the improvement in the 
BSFC can not sufficiently improve the trade-off ratio of these thermal variations to 
levels comparable to retarding the fuel injection timing.
7.5.6 2500rpm and 153.6Nm
The change in the BSFC against the change in the BSNOx output for various thermal 
variations at 2500rpm and 153.6Nm is presented in Figure 7.9. The figure shows that 
thermal variations with the coolant inlet temperature at 85°C (point 1 to 6) caused the 
BSNOx output to increase regardless of the increase or decrease in the BSFC. Even 
with the reasonably small BSNOx vs. BSFC trade-off for those thermal variations that 
reduced the BSFC but increased the BSNOx output (points 1, 3 and 5), only one of 
them (point 1) is better that the trade-off ratio for advancing the fuel injection timing, 
with a trade-off ratio of 0.14 against 0.196.
At this modal point, the increase in the BSNOx output is very small for notable 
improvement in the BSFC when the fuel injection timing is advanced and vice versa 
when the fuel injection timing is retarded. With the fine response to the fuel injection 
timing change, the trade-off ratio for the thermal variations with the coolant inlet 
temperature at 50°C (point 7 to 10) are significantly inferior with trade-off ratio as 
low as 0.097 compared to 0.887 for retarding the fuel injection timing because the 
penalty on the BSFC induced by these thermal variations is too large in most 
situations for the reduction in the BSNOx output that it offers.
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7.6 Concluding remarks - Summary
With the variation in the thermal settings in the test engine, a small fraction showed 
highly desirable responses with reduction in both the BSFC and the BSNOx output, 
while another small fraction exhibit undesirable responses with increases in both 
variables. The bulk of the thermal variations resulted in changes in the output 
parameters with varying magnitudes in opposing directions, making it difficult to 
quantify the significance of the effects induced by each thermal variation. To evaluate 
these test results, the effects induced by the thermal variation are compared against 
the effects induced by conventional engine control parameter such as the fuel 
injection timing and the EGR ratio. The comparison is based on the concept of a 
trade-off ratio focusing on BSFC and the BSNOx output.
The BSNOx vs. BSFC trade-off ratio denotes the penalty imposed the on one variable 
for a reduction in the other variable in cases where both variables are in an inverse 
relationship. The effect of the variation in the fuel injection timing and the EGR valve 
are evaluated experimentally to deduce the BSNOx vs. BSFC trade-off ratio used for 
the comparison against the thermal variations. Due to the subjective limit on the 
maximum EGR valve opening, the effect retarding the fuel injection timing was used 
as the benchmark for cases with reduced BSNOx output but increased BSFC. As for 
cases with reduction in BSFC but increases in the BSNOx output, the effect of 
advancing the fuel injection timing was used as the benchmark as it has a smaller 
BSNOx vs. BSFC trade-off ratio than reducing the EGR valve opening.
At 2000rpm and 38.4Nm, the comparison of the trade-off ratio shows that the thermal 
variations with the coolant inlet temperature at 85°C are better than changes in the 
fuel injection timing in cases with reduction in the BSFC but increases in the BSNOx 
output. This advantage is further stretched with the reduction in the coolant flow rate 
through the oil cooler. In contrast, the trade-off ratio for thermal variations with the 
coolant inlet temperature at 50°C are much poorer that those of retarding the fuel 
injection timing even with the reduction in the coolant flow rate through the oil 
cooler. At 2500rpm and 38.4Nm, half of the test conditions with the coolant inlet 
temperature at 85°C had a better trade-off ratio than advancing the fuel injection 
timing while the other half had reduction in both the BSFC and BSNOx output. With
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the coolant inlet temperature lowered to 50°C, some of the thermal variations has 
better trade-off ratio than the benchmark while the others are poorer. The reduction in 
the BSFC penalty and the improvement in the BSNOx reduction of the thermal 
variations at this modal point had led to this outcome.
At 2000rpm and 76.8Nm, the bulk of the thermal variations had unfavourable trade­
off ratio with some conditions with increases in both the BSFC and BSNOx output. 
Only a few thermal variations with the coolant inlet temperature at 50°C has better 
trade-off ratio than retarding the fuel injection timing. At 2500rpm and 76.8Nm, the 
thermal variations with the coolant inlet temperature at 85°C increases both the BSFC 
and BSNOx output while those with the coolant inlet temperature at 50°C has 
reduction in both the BSFC and BSNOx output. With the engine load increased to 
153.6Nm at 2000rpm and 2500rpm, only one or two test conditions with the coolant 
inlet temperature at 85°C has better trade-off ratio than the fuel injection timing 
changes.
The bulk of the thermal variations had a better trade-off characteristic than the fuel 
injection timing changes at low load modal points but this situation is reversed at 
higher load modal points. This implies that most the thermal variations at low engine 
load are better at improving the engine performance than the changing the fuel 
injection timing but only selective conditions are better with increasing engine load. 
Though the increased trade-off ratio of the benchmarking parameter at higher engine 
load would favour the thermal variations with reduction in the BSFC but increased 
BSNOx output, most of the thermal variations do not fare well because the reductions 
in BSFC were either too small or the penalties on the BSNOx output were too big as 
the engine load is increased. In general, the reduction in the coolant flow rate through 
the oil cooler improves the trade-off characteristic of a thermal variation but does not 
definitively lead to a superior trade-off than the fuel injection timing changes.
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Figure 7.1 Graphical representation of the evaluation of trade-off ratio in the 
case of reduced NOx
Change in brake specific NOx output (g/kWhr)
Effect of the change 
in the settings of 
engine control
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Figure 7.2 Graphical representation of the evaluation of trade-off ratio in the 
case of reduced BSFC
193
Change in brake specific NOx output (g/kWhr)
Increasing *  ^
benchmarking /  * ^
trade-off ratio /  ♦/  N #
• ‘ ••
* \• -----------  • s  ♦
* -  • ^ * • *
\N . Change in BSFC (g/kWhr)
\ S -
* • S  • > •
•  Thermal test conditions '  V * /
% Change in the benchmarking
* ♦ /
\  "ti /increasing
parameter * j /  benchmarking
•  trade-off ratio












S ?^  M= W
- J  C / 5
»  *TJ
s  <">





0  ®7  10-3  «>
3 5‘
1 ?a  » 
u» co
0 0  c / 5
Z
?  °  3 *o3<■+•ae
©*■*
2.©
♦ Advancin ) fuel injection timing
Retarding fuel injection timing
Charge in BSFC (g/kWhr)
C o o lan t flow cond ition  an d  
te m p e ra tu re  th ro u g h  th e  en g in e
1 Low h e a d  flow (85*C)
2 High h e a d  flow (85°C)
3 Low b lock  flow (85°C)
4 High b lock  f lo w (8 5 X )
5 Low to ta l en g in e  flow (8 5 X )
6 High to ta l en g in e  flow (85°C)
7 B a s e  c o o la n t flow (BOX)
, 8 Low h e a d  flow (5 0 X )
9 Low b lock  flow (5 0 X )
10 Low to ta l en g in e  flow (5 0 X )
11 B a s e  c o o la n t flow (8 5 X )
12 Low h e a d  flow (8 5 X )
13 Low b lo ck  flow (8 5 X )
14 B a s e  c o o la n t flow (BOX)
15 Low b lock  flow (5 0 X )
♦ B a s e  oil 
cooler flow































o  $ a
CD
®























C hange in B S F C  (g^W hr)
Coolant flow condition and 
temperature through the engine
1 Low head flow (85 X )
2 High head flow (85X )
3 Low block flow (85*0)
4 High block flow (85X )
5 Low total engine flow (85°C)
6 High total engine flow (85*0)
7 B a se  coolant flow (5 0 X )
8 Low head flow (50X )
9 Low block flow (50X )
10 Low total engine flow (SOX)
11 B a se  coolant flow (8 5 X )
12 Low head flow (B5X)
13 Low block flow (85X )
14 B a se  coolant flow (5 0 X )
15 Low block flow (SOX)
16 Low total engine flow (50X )
♦ B a se  oil 
cooler flow
■ L o w  oil














































1 -3 -2 -1
■0 .1 -
■ 0 5 -
•0.3
------------------------------------------------------- t o -
♦  i i i
1 2 3 4 5 I 
Retarding fuel injection
Coolant flow condition and 
temperature through the engine
1 Low head flow (B5°C)
2 High head flow(85#C)
3 Low block flow (85*C)
4 High block flow (B5°C)
5 Low total engine flow (85°C)
6 High total engine flow (85T)
7 Base coolant flow (50T)
8 Low head flow (50T)
9 Low block flow (50*C)
10 Low total engine flow (SOT)
11 Base coolant flow (B5*C)
12 Low total engine flow (85°C)
13 Base coolant flow (50T)
14 Low block flow (50*0)
♦ B a s e  oil 
cooler flow
■  Low oil
co o le r  flow


















































-0 .2 -  
-0 .3 -  
-44-
5
♦ 2  1 
♦ ♦
f t - - ; *  ♦<^'••••■^.7,^15,
Retarding fuel 
njection timing
™  • • •
2]
Coolant How condition and 
temperature through the engine
1 Low head flow (85X)
2 High head flow (05°C)
3 Low block flow (B5X)
4 High block flow (85X)
5 Low total engine flow (85X)
6 Base coolant flow (50X)
7 Low head flow (50 X )
8 Low block flow (50X)
9 High block flow (SOX)
10 Low total engine flow (SOX)
11 Base coolant flow (B5X)
12 Base coolant flow (50X)
13 Low block flow (50°C)
14 High block flow (50X)
15 Low total engine flow (SOX)
♦  Base oil 
cooler flow
■  Low oil
co o le r flow







































Advancing fuel injection tin ing
0.2 ■ '
•••a 3101










Retarding fuel injection timing
2E
Coolant flow condition and 
tem p era tu re  through th e  engine
1 Low head  flow (B5°C)
2 High h ead  flow (j85T)
3 Low block flow (8 5 T )
4 High block flow(B5°C)
5 Low total engine flow (8 5 T )
6 B a se  coolant flow (5 0 T )
7 Low head  flow (50°C)
8 Low block flow (5 0 T )
9 Low total engine flow (50*0)
10 B a se  coolant flow (8 5 T )
11 B a se  coolant flow (SO T)
12 Low block flow (5 0 T )
C hange in B SF C  (gfkW hr)
♦ B a s e  oil cooler 
flow rate
■Low oil cooler 
flow rate
M §  
I  Ie  <—o £T <_> ®
§->
S . 6 t
Sr> $r> L O J
a>
J a J
OJs a * a s a a> S -




“So T3m «— Sa> : 5 “3 o c_>on a> - 2 o1 ■»> *- 3 “fibm j ■»>DC </>C9CD 1 1 1





















<p  i_> 








(jiy\A>i/6) x q n  oijioads a>fejq u; a6ueqo
Figure 7.9 Change in the BSFC against change in the BSNOx output for various 
coolant flow and temperature settings at 2500rpm and 153.6Nm
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8 Optimising the engine performance with the enhancement 
offered by thermal controls
8.1 Introduction
In contrast to the comparison of the trade-off ratios, a more definitive approach to 
evaluate the gain offered by engine thermal management is to gauge the optimisation 
potential of the thermal variations in combination with changes to the settings of the 
conventional control parameters. While the comparison of the NOx vs. BSFC trade­
off ratio gauges the potential of a particular thermal condition against the effects of 
conventional engine control parameters, it does not measure and rate the absolute gain 
offered by the thermal conditions, and establish the thermal settings for optimum 
engine performance. Though it identifies the thermal variation with better trade-off 
characteristics than conventional engine control parameters, some of these settings 
cannot be applied as the engine was already calibrated to meet legislated limits on 
emissions output with good fuel economy. Any changes to the engine operational 
settings would upset this balance. Thus, the effect of each of the thermal variations 
can only be assessed more concisely when it had been optimised. Each thermal 
variation can be optimised within the given flexibility in adjusting the settings of the 
conventional engine control parameters. The following sections describe the approach 
used to determine the optimised output and the resulting optimum settings for 
improved engine performance.
8.2 Optimisation and its application to enhance engine performance
Optimisation can be defined as the process of enhancement, seeking to obtain the best 
possible outcome within the given flexibility. The best possible outcome can be a 
maximum or a minimum of a particular property which can be brought about by fine 
tuning within the flexibility available in the parameter/s involved in the process. For 
most real world problems, optimisation has multiple objectives as well as numerous 
constraints. With multi-objective optimisation, it is often difficult to determine the 
best solution from a wide range of solutions as a universally accepted best solution 
has yet to be established even in the simplest problem. In practice, the applied 
solution is typically the best solution assumed by a human decision maker. Often, this
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is the case in the engine calibration process, where the settings for the engine control 
parameters are determined based on the subjective and objective criteria specified by 
the calibration engineers.
Despite the subjective nature of some judgements, optimisation is still an important 
part of the engine calibration process as it can often identify the best solution from a 
set of good solutions. In optimising the engine performance, engineers often take in to 
account a number of different factors such as noise, drivability and reliability in 
addition to the main focus on lowering the fuel consumption within the constraints of 
acceptable emissions outputs. As such, it is assumed that the settings for the engine 
control parameters implemented by the manufacturer as well as the thermal conditions 
of the reference condition of each modal test point represent an optimum 
configuration which has taken into account all aspects of the engine and vehicle 
performance criteria. The BSFC and the brake specific emissions outputs at the 
baseline condition are the benchmarks which the optimisation process on the thermal 
variations sought to improve upon.
The objectives of the following optimisation process are to minimise the NOx output 
and the engine’s fuel consumption. The optimisation process was simplified to focus 
on just two primary performance criteria to avoid diversion of attention on secondary 
factors such as CO or uHC emissions which can be treated effective by the exhaust 
after treatment system. This approach is valid for most modal points because the test 
conditions are at steady state and the temperatures of the exhaust gas exceed or are 
close to the light-off temperature of the oxidation catalyst that treats the CO and uHC 
emissions. As in any engine calibration process, the BSFC and the brake specific 
emissions output at any thermal condition can be optimised by varying the settings of 
engine control parameters such as the fuel injection timing and the EGR ratio.
8.3 The optimisation approach
The optimisation approach used to enhance the effect of the thermal conditions on 
engine performance utilised the flexibility of the engine control parameters. The term 
flexibility is used to describe the freedom to vary particular operating parameters. The 
principal behind the optimisation approach is the application of changes to the engine
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control parameters to cause additional change to BSFC and BSNOx output above that 
induced by the thermal variations. It is desired that the combined change in the 
settings would induce a net reduction in both the BSFC and the BSNOx output. In 
practice, assessing every possible combination of these changes experimentally is not 
feasible as it would require too much time and resource.
Instead, the outcome of the combined change in thermal and engine control factors 
were derived using the principle of superposition. For the valid application of 
superposition principles to derive the outcome of the multiple changes, the effects of 
the changes need to be cumulative. Limited tests on a few thermal conditions at a few 
modal points, with most of these test conducted at 2000rpm and 153.6Nm support the 
approach as the results indicate that the effect of the change in engine control factors 
on the BSFC and BSNOx output is nearly independent of the change in thermal 
factors with less than 10% difference between the measured change and the derived 
change for the BSFC and the BSNOx. This optimisation approach, therefore, assumes 
that the effect of the engine control parameters on the BSFC and BSNOx output to be 
independent from those of thermal factors. In addition, the assumption of linear 
response of the change in BSFC and BSNOx output with regard to the change in the 
settings of the engine control parameters was also made, allowing proportional 
changes within the margin induced by the thermal effect. Graphically, the effect of 
this cumulative change in engine control parameter to the thermal variations is 
presented in Figure 8.1.
With the changes in the thermal factors often causes varying degrees of increase in 
one of the output variables and reduction in the other, a proportional change in the 
settings of an engine control parameter can be applied to induce an equal but opposite 
effect to counter the negative effect induced by a particular thermal condition. The 
change in the corresponding output parameters can then be derived using linear 
interpolation. Ideally, the change in the settings of the engine control parameter 
should reduce any increase in BSFC or BSNOx output to zero but the resulting 
penalty should not completely nullify the reduction in BSFC or BSNOx output 
induced by the thermal variation. The objective of the optimisation process was to 
arrive at solutions where both the BSFC and the brake specific NOx output are 
reduced.
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In the previous chapter, further improvement was sought for in either BSFC or 
BSNOx output from the baseline output with minimal increase on the opposite 
parameter. During this exercise, the trade-off ratio of the engine control parameter 
was used as a benchmark to compare against the thermal variations to establish which 
offers better improvement with the least penalty, exemplifying a case of optimisation 
without constraints. In contrast, the current exercise sought a net improvement in both 
BSFC and BSNOx output from the baseline values, which are the constraints. As 
such, where in the previous chapter, a thermal variation with improvement on BSNOx 
but with a penalty on BSFC was compared against the effect of retarding the fuel 
injection timing, here the effect of advancing the fuel injection timing is incorporated 
to neutralise the penalty on BSFC. Thus, this dictates that, for this exercise, the 
interpretation and requirement of the trade-off characteristic of the thermal conditions 
and engine control parameters for higher performance is directly opposite to those 
arguments presented in the preceding chapter.
For thermal variations that causes an increase in the BSFC but reduction in the 
BSNOx output, it is desired that the change in the engine control parameter would 
have a comparable reduction in the BSFC but relatively small increase in the BSNOx, 
resulting in a net improvement in both parameters when the changes are combined, as 
shown in Figure 8.2. Thus, the trade-off ratio of the thermal variations should be 
higher than those of engine control parameter in these circumstances. Otherwise, the 
net effect would be deterioration of the engine performance shown in Figure 8.3. On 
the contrary, the opposite effect is sought when a thermal condition causes an increase 
in the BSNOx output and reduction in BSFC. In such circumstances, Figure 8.4 
shows that it is desirable that the change in the engine control parameter gives a 
higher reduction in BSNOx with a smaller increase in the BSFC. Having a lower 
trade-off ratio than those of the thermal condition would result in the undesirable 
outcome shown in Figure 8.5.
Thus, for thermal conditions with an increase in the BSFC and reduction in the 
BSNOx output, the suitable complementary change in the settings of the engine 
control parameters would be either advancing the fuel injection timing or reducing the 
EGR ratio. While, for thermal conditions with a reduction in the BSFC and increase in
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the BSNOx output, the suitable complementary change in the settings of the engine 
control parameters would be either retarding the fuel injection timing or increasing the 
EGR ratio. In the optimisation routine, the chosen change in the settings of the engine 
control parameter is the one which produces the most optimum net effect. When 
comparing the effect of advancing the start of fuel injection and reducing the EGR 
ratio, the change in the timing has the smaller trade-off ratio, with a significantly 
smaller penalty on BSNOx for the given improvement in the BSFC. In contrast, 
increasing the EGR ratio is much more favourable in reducing the BSNOx output 
compared to retarding the fuel injection timing.
However, increasing the EGR ratio has not been chosen since it is assumed that the 
level of EGR used was already maximised to the limit of a good balance between fuel 
economy and emissions against the drivability of the vehicle. This reduces the scope 
for changes in engine control parameters to just changes in the fuel injection timing. 
Ideally it is desired that there are sufficient flexibility within the changes in the fuel 
injection timing of each modal point to reduce the deficit in either the BSFC or the 
BSNOx output of each thermal condition to zero. Retarding the fuel injection timing 
would reduce the BSFC deficit to zero and shift all changes to the BSNOx output 
while the opposite is true when the fuel injection timing is advanced. This would 
allow the thermal conditions to be rated and the thermal settings which has the most 
positive effect to be implemented.
8.4 The effect of changes in fuel injection timing on the thermal 
variation
By utilising the flexibility in changing the fuel injection timing as discussed above, 
the thermal variations investigated at each modal point can be evaluated from the 
perspective of optimised gain. The test results from the preceding chapters can be 
reworked to include the effect of changing the fuel injection timing in either direction. 
With the flexibility to change the fuel injection timing, Figure 8.1 has already shown 
that there are a number of possible outcomes depending on the change in BSFC and 
BSNOx output induced by thermal variations. For those thermal variations that 
resulted in changes located in the first quadrant (increase in both BSFC and BSNOx
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output), the change in the fuel injection timing can only nullify the increase in the 
BSFC or the BSNOx output for an even larger penalty on the opposite variable.
In contrast, the application of the fuel injection timing changes to the thermal 
variations that induced changes located in the second and fourth quadrant (increase in 
either BSFC or BSNOx output but reduction in the opposite output) can lead to a 
reduction in both the BSFC and BSNOx output. For those thermal variations that 
already induce a reduction in both BSFC and BSNOx output (in the third quadrant), 
the change in fuel injection timing allow the change in the BSFC or the BSNOx 
output to be varied as desired.
Presentation of the optimised result
As the application of the fuel injection timing changes to the thermal variations can 
lead to a range of changes in the BSFC and the BSNOx output, the optimised result 
for each thermal variation is tabulated in two columns showing the maximum 
reduction in BSFC and maximum reduction in BSNOx without causing an increase on 
the opposite variable. This approach in optimising the effect of the thermal variations 
is shown in Figure 8.6. As shown in the figure, the change in the fuel injection timing 
is not applied to the thermal variation represented by data points in the first quadrant 
as any further change would lead to an increase in the opposing parameter. The results 
of these thermal variations are thus left unchanged in these tables.
For those thermal variations that induced an increase in the BSNOx output but a 
reduction in the BSFC output (data points in the second quadrant), only the effect of 
retarding the fuel injection timing was applied because the BSNOx output would 
increase if the effect of advancing the fuel injection timing were applied. The situation 
is reversed when the thermal variation induced an increase in the BSFC but a 
reduction in the BSNOx output (data points in the fourth quadrant) as only the effect 
of advancing the fuel injection timing was applied. For those thermal variations that 
already induce a reduction in both the BSFC and the BSNOx, the effect of both 
advancing and retarding the fuel injection timing can be applied.
It has to be noted that the maximum reduction in BSFC or BSNOx output presented in 
these tables only represents the maximum reduction possible from a 1° change in the
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fuel injection timing and not the true maximum. Given the limited range of change in 
fuel injection timing and the varying effects induced by the thermal variations, the 
range of possible outcomes of the optimised result is illustrated schematically in 
Figure 8.6.
8.4.1 2000rpm and 38.4Nm
At 2000rpm and 38.4Nm, the optimised output of the thermal variation when the 
effect of the fuel injection timing change was factored in is presented in Table 8.1. 
The table has two sets of results for each permutation in flow and inlet temperature 
investigated. The first pair of columns indicate the improvement in BSNOx achieved 
if fuel injection timing is retarded by up to 1° crank angle together with the BSFC 
penalty incurred in so doing. The second pair of columns indicate the BSFC reduction 
obtained by advancing fuel injection timing by up to 1° crank angle together with the 
BSNOx penalty incurred in so doing. Thermal variations marked in red denote those 
with low coolant flow through the oil cooler. The bulk of the thermal variations with 
the coolant inlet temperature at 85°C (thermal variations 1-6) with base flow rate 
through the oil cooler can lower the BSNOx output without any penalty on the BSFC 
except for two conditions (2 & 6) which shared high head flow as a common feature. 
In contrast, only two of these thermal variations (1 & 4) can lower BSFC without any 
penalty on the BSNOx output. The reduction in the coolant flow rate through the oil 
cooler (11-13) further reduced the BSNOx output of the thermal variations as the 
margin to retard the fuel injection timing was stretched by the notable reduction in the 
BSFC. Even when the full 1° retard in the fuel injection timing was applied, there are 
still significant margins in the reduction of the BSFC for these thermal variations.
As the coolant inlet temperature was lowered to 50°C with base coolant flow rate 
through the oil cooler, the thermal variations (7-10) showed much greater reduction in 
the BSNOx output but with very significant penalties on BSFC. Even when the effect 
of advancing the fuel injection timing was factored in, the penalty on BSFC for most 
of these thermal variations (7-9) was still significant although there was excess 
margin in the reduction in the BSNOx output to allow the fuel injection timing to be 
advanced further. For one of these thermal variations (10), the margin in the BSNOx 
had been fully used when the fuel injection timing is advanced, leading to a net
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increase in the BSFC. The reduction in the coolant flow rate through the oil cooler 
does not change the outcome of the optimised result for these thermal variations (14- 
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(g/kWhr)
1 Low h ead  flow  (85°C ) 0 .0 6 5 0 .0 0 1 .04 0 .0 0 0
2 High h ead  flow  (85°C ) 0 .0 2 9 0 .9 7 -0 .5 4 0 .0 0 0
3 Low block flow  (85°C ) 0 .0 2 6 0 .0 0 0.61 0 .011
4 High block flow  (85°C ) 0 .0 4 5 0 .0 0 0 .6 7 0 .0 0 0
5 Low total e n g in e  flow  (85°C ) 0 .0 7 5 0 .0 0 1.36 0 .0 0 6
6 High total e n g in e  flow (85°C ) 0 .0 5 8 1 .23 -0 .3 7 0 .0 0 0
7 B a s e  coo lan t flow  (50°C ) 0 .3 0 6 13.21 -1 1 .8 9 -0 .1 9 8
8 Low h ead  flow  (50°C ) 0 .1 6 6 1 1 .8 0 -1 1 .0 8 -0 .0 5 7
9 Low block flow  (50°C ) 0 .1 9 8 11 .7 8 -1 0 .9 3 -0 .0 8 9
10 Low total e n g in e  flow  (50°C ) 0 .0 7 7 4 .6 8 -3 .5 4 0 .0 0 0
11 B a s e  coo lan t flow  (85°C ) 0 .0 7 7 0 .0 0 1.51 0 .0 1 3
12 Low h ead  flow  (85°C ) 0 .0 5 3 -2 .1 7 3 .8 6 0 .0 4 8
13 Low block flow  (85°C ) 0 .0 3 7 -2 .6 9 4 .3 8 0 .0 6 4
14 B a s e  coo lan t flow (50°C ) 0 .1 9 6 8 .2 6 -6 .6 4 -0 .0 8 7
15 Low block flow  (50°C ) -0 .0 1 4 8 .3 0 -8 .3 0 0 .0 1 4
Table 8.1 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and 
38.4Nm
8.4.2 2500rpm and 38.4Nm
At 2500rpm and 38.4Nm, the optimised output of the thermal variations presented in 
Table 8.2 showed a marked improvement in the maximum reduction achieved. The 
bulk of the thermal variations with the coolant inlet temperature at 85°C and base 
flow rate through the oil cooler (1-6) can lower the BSNOx output without any 
penalty on the BSFC except for one variation (6). Three of these thermal variations (1, 
2 & 5) actually showed a reduction in BSFC on top of the reduction in the BSNOx 
output. The reduction in the BSNOx output of these thermal variations is much more 
significant at this modal than at 2000rpm and 38.4Nm, with up to 14% reduction from
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the baseline value. In addition, most these thermal variations (2-4 & 6) can also lower 
BSFC without any penalty on the BSNOx output except for two (1 & 5) which only 
had a very marginal increase in the BSNOx output. With the reduction in the coolant 
flow rate through the oil cooler, the reduction in either the BSNOx output or BSFC of 
these thermal variations (11-13) is further enhanced.
This favourable outcome of the optimised result is due to the small BSNOx vs. BSFC 
trade-off ratio for advancing the fuel injection timing and large ratio for retarding the 
fuel injection timing. This offers marked improvement in the BSFC for small 
increases in the BSNOx output and large reduction in the BSNOx for small penalty on 
the BSFC. Such a characteristic is particularly beneficial for thermal variations with 
the coolant inlet temperature at 50°C which needs to overcome the BSFC penalty 
while still have an improvement on the BSNOx output.
Thus, the bulk of the thermal variations with the coolant inlet temperature at 50°C and 
base flow rate through the oil cooler (7-10) still have a large margin in the reduction 
of the BSNOx output even after the effect of advancing the fuel injection timing are 
factored in. Though the increase in BSFC with the reduction in the BSNOx output for 
these thermal variations is quite high, the available margin BSNOx output hints that it 
is possible to lower the BSNOx output without any penalty on BSFC with further 
advance in the timing. With the reduction in the coolant flow rate through the oil 
cooler, these thermal variations (14-16) achieved a greater reduction in the BSNOx 
output with much smaller penalty on the BSFC, with reduction of up 18.5% in one of 
the thermal variations (15). As the fuel injection timing is advanced, these thermal 
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1 Low h ead  flow  (85°C ) 0 .2 6 9 -0 .2 6 1.37 0 .0 1 2
2 High h ead  flow  (85°C ) 0 .3 9 2 -0 .2 3 4 .2 4 -0 .0 0 5
3 Low block flow  (85°C ) 0 .1 7 4 0 .0 0 1 .23 0 .0 0 0
4 High block flow  (85°C ) 0 .1 4 6 0 .0 0 2 .0 9 0 .0 0 0
5 Low total en g in e  flow  (85°C ) 0 .2 6 5 -0 .0 4 1 .15 0 .0 1 6
6 High total en g in e  flow  (85°C ) 0 .0 4 6 0 .7 4 0 .5 2 0 .0 0 0
7 B a s e  coo lan t flow (50°C ) 0 .4 3 3 3 .5 0 -0 .61 -0 .3 2 7
8 Low h ead  flow  (50°C ) 0 .3 2 9 2 .7 0 0 .1 9 -0 .2 2 3
9 Low block flow  (50°C ) 0 .4 0 2 0 .6 9 2 .2 0 -0 .2 9 6
10 Low total en g in e  flow  (50°C ) 0 .1 7 0 0 .3 4 2 .5 5 -0 .0 6 3
11 B a s e  coolant flow (85°C ) 0 .2 3 2 -0 .1 2 1 .23 0 .0 4 9
12 Low h ead  flow (85°C ) 0 .2 5 4 -1 .3 6 2 .4 7 0 .0 2 7
13 Low block flow  (85°C ) 0 .3 0 0 -0 .2 4 1 .89 0 .0 0 0
14 B a s e  coo lan t flow (50°C ) 0 .4 1 6 3 .2 3 -0 .3 4 -0 .3 1 0
15 Low block flow  (50°C ) 0 .5 3 8 0 .0 0 3.61 -0 .2 4 9
16 Low total en g in e  flow (50°C ) 0 .1 2 7 0 .2 8 2.61 -0 .0 2 0
Table 8.2 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2500rpm and 
38.4Nm
8.4.3 2000rpm and 76.8Nm
At 2000rpm and 76.8Nm, Table 8.3 shows a marked change in the optimised outputs 
of the thermal variations. The thermal variations with the coolant inlet temperature at 
85°C and base flow rate through the oil cooler (1-6) do not offer much reduction the 
BSNOx output. In fact, two thermal variations (1 & 3) increase both the BSFC and 
BSNOx output. The rest of the thermal variations (2, 4 & 6) only improve the BSNOx 
output marginally with a small penalty on the BSFC. With the effect of the advance in 
the fuel injection timing factored in, these thermal variations (2 & 6) still incur a 
penalty on BSFC even after trading off all BSNOx gains. Only one thermal variation 
(4) showed a minor improvement in the BSFC without any penalty on the BSNOx 
output. The reduction in the coolant flow rate through the oil cooler does not improve
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the optimised output of these thermal variations (11 & 12) as the penalty on the 
BSNOx output is quite significant and the BSFC does not improve much.
With the coolant inlet temperature reduced to 50°C at base flow rate through the oil 
cooler, the thermal variations (7-10) showed significant reduction in the BSNOx 
output though their BSFC penalties are also relatively high. With the effect of 
advancing the fuel injection timing factored in, three of these thermal variations (7-9) 
still incur some BSFC penalty though there are still margins available in the BSNOx 
output reduction for further advance in the fuel injection timing. One of the thermal 
variations (10) does show an improvement in the BSFC with a decent reduction in the 
BSNOx output. The reduction in the coolant flow rate through the oil cooler (13-14) 
does improve the BSFC of these thermal variations but still does not completely 
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B SN O x
(g/kW hr)
1 Low h ead  flow  (85°C ) -0 .0 3 3 0 .1 4 -0 .1 4 0 .0 3 3
2 High h ead  flow  (85°C ) 0 .0 0 5 0 .5 4 -0 .3 4 0.000
3 Low block flow  (85°C ) -0 .0 6 4 0 .6 2 -0 .6 2 0 .0 6 4
4 High block flow  (85°C ) 0 .0 1 9 0 .2 9 0 .4 6 0.000
5
Low total en g in e  flow  
(85°C ) -0 .0 5 6 0 .0 0 0 .0 2 0 .0 5 7
6
High total en g in e  flow  
(85°C ) 0 .0 0 8 1.42 -1 .1 0 0.000
7 B a s e  coo lan t flow (50°C ) 0 .2 9 0 5.51 -2 .0 8 -0 .2 0 2
8 Low h ead  flow  (50°C ) 0 .2 4 3 4 .0 8 -0 .6 5 -0 .1 5 5
9 Low block flow  (50°C ) 0 .2 8 4 4 .9 7 -1 .5 4 -0 .1 9 6
10
Low total e n g in e  flow  
(50°C ) 0 .1 9 5 2 .4 2 1.01 -0 .1 0 8
11 B a s e  coo lan t flow (85°C) -0 .0 0 2 0 .0 0 0 .2 4 0 .0 2 6
12
Low total en g in e  flow  
(85°C) -0 .1 9 9 0.41 -0 .41 0 .1 9 9
13 B a s e  coo lan t flow (50°C) 0 .2 3 8 4 .1 4 -0 .71 -0 .1 5 0
14 Low block flow  (50°C) 0 .2 4 3 3 .8 5 -0 .4 2 -0 .1 5 5
Table 8.3 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and 
76.8Nm
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8.4.4 2500rpm and 76.8Nm
As presented in the preceding chapter, the effect of the thermal variations at this 
modal point can be split into two groups which are dependent on the coolant inlet 
temperature. The effects of the fuel injection changes to these thermal variations are 
presented in Table 8.4. The thermal variations with the coolant inlet temperature at 
85°C (1-5) with base flow rate through the oil cooler increase BSFC, with half of 
these (1, 2 & 5) showing an increase in the BSNOx output as well. Even with the 
effect of advancing the fuel injection timing factored in, the remaining thermal 
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(g/kW hr)
1 Low h ead  flow  (85°C ) -0 .0 2 0 0 .6 9 -0 .6 9 0 .0 2 0
2 High h ead  flow  (85°C ) -0 .0 1 5 0 .3 4 -0 .3 4 0 .0 1 5
3 Low block flow  (85°C ) 0 .0 0 7 0 .1 2 -0 .0 4 0 .0 0 0
4 High block flow  (85°C ) 0 .0 1 8 1.21 -1 .0 2 0 .0 0 0
5
Low total en g in e  flow  
(85°C ) -0 .0 5 4 0 .2 0 -0 .2 0 0 .0 5 4
6
High total en g in e  flow  
(85°C ) 0 .3 6 7 0 .0 0 2 .9 5 -0 .1 8 0
7 B a s e  coo lan t flow  (50°C ) 0 .3 0 4 0 .0 0 1 .9 9 -0 .151
8 Low h ead  flow  (50°C ) 0 .3 3 7 -0 .2 9 3 .4 0 -0 .1 4 4
9 Low block flow  (50°C ) 0 .3 6 3 0 .0 0 2 .3 3 -0 .1 9 8
10
Low total en g in e  flow  
(50°C ) 0 .3 6 8 0 .0 0 2 .4 0 -0 .201
11 B a s e  coo lan t flow (85°C ) -0 .0 4 2 0 .0 0 0 .1 2 0 .0 4 6
12 Low h ead  flow  (85°C ) 0 .4 6 3 -1.01 4 .1 3 -0 .1 1 5
13 Low block flow  (85°C ) 0 .4 5 6 -0 .8 4 3 .9 5 -0 .121
14 B a s e  coo lan t flow  (50°C ) 0 .4 5 0 -0 .2 7 3 .3 8 -0 .1 6 2
15 Low block flow (50°C ) 0 .3 5 2 0 .0 0 2 .7 9 -0 .171
Table 8.4 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2500rpm and 
76.8Nm
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In contrast, those thermal variations with the coolant inlet temperature at 50°C (6-10) 
showed notable a reduction in both the BSNOx output and BSFC. Further, the 
reduction in the coolant flow rate through the oil cooler improved the BSFC of the 
thermal variations (12-15) with marginal effect on the BSNOx output. With the 
reduction in both the BSFC and BSNOx output, the effect of the fuel injection timing 
changes was utilised to induce up to 1.5% improvement in the BSFC or up to 25% 
reduction in the BSNOx output, with a much reduced margin available in the opposite 
variable.
8.4.5 2000rpm and 153.6Nm
The effect of the fuel injection timing changes on the thermal variations at 2000rpm 
and 153.6Nm is presented in Table 8.5. Most of the thermal variations with the 
coolant inlet temperature at 85°C (1-5) with base flow rate through the oil cooler can 
lower the BSNOx output without any penalty on the BSFC except for two conditions 
(2 & 4) which incur a small penalty on the BSFC. The reductions in the BSNOx 
output achieved by these thermal variations (1,3 & 5) are relatively small, with 3.6% 
reduction from the baseline value at best. The thermal variation with reduced coolant 
flow rate through the oil cooler (10) improves the reduction in the BSNOx output to 
6.6%. In contrast, the maximum reductions in the BSFC achieved by these thermal 
variations were small, with less than a quarter percent improvement at best. The 
inclination toward higher reduction in the BSNOx output than the BSFC is due to the 
steep BSNOx vs. BSFC trade-off for the fuel injection timing at this modal point, 
giving a large reduction in the BSNOx output for small BSFC penalty.
With the coolant inlet temperature reduced to 50°C, the thermal variations with base 
coolant flow rate through the oil cooler (6-9) achieved a notable reduction in the 
BSNOx output with up to 16% reduction from the baseline value though they incurred 
a small penalty on the BSFC. The inclusion of the effect of advancing the fuel 
injection timing does not completely remove the BSFC penalties for most of these 
thermal variations (6-8) though there are still margins in the BSNOx output for further 
reduction. The reduction in the coolant flow rate through the oil cooler slightly lowers 
the BSFC penalty of these thermal variations (11 & 12) with quite a considerable
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reduction in the improvement in the BSNOx output achieved. Factoring in the effect 
of the fuel injection timing change, only one of these thermal variations (12) showed a 
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B S N O x
(g/kW hr)
1 Low h ead  flow  (85°C ) 0 .1 0 5 0 .0 0 0 .21 0 .0 0 0
2 High h ead  flow  (85°C ) 0 .1 3 0 0 .6 3 -0 .01 0 .0 0 0
3 Low block flow  (85°C ) 0 .0 8 3 0 .0 0 0 .2 5 0 .0 6 2
4 High block flow  (85°C ) 0 .0 5 9 0 .1 3 0 .1 5 0 .0 0 0
Low total en g in e  flow
5 (85°C ) 0 .1 5 0 0 .0 0 0 .4 8 0 .121
6 B a s e  coo lan t flow (50°C ) 0 .6 6 3 2 .1 6 -0 .9 8 -0 .4 1 8
7 Low h ead  flow  (50°C ) 0 .531 1 .85 -0 .6 6 -0 .2 8 6
8 Low block flow  (50°C ) 0 .6 0 7 1 .69 -0 .51 -0 .3 6 2
Low total en g in e  flow
9 (50°C ) 0 .0 8 2 0 .2 0 0 .2 0 0 .0 0 0
10 B a s e  coo lan t flow (85°C ) 0 .2 7 2 0 .0 0 0 .5 4 0 .0 3 4
11 B a s e  coo lan t flow (50°C ) 0 .5 9 3 1.61 -0 .4 3 -0 .3 4 8
12 Low block flow  (50°C ) 0 .4 2 9 1 .09 0 .0 9 -0 .1 8 4
Table 8.5 The maximum reduction in the BSFC and BSNOx output for various
thermal conditions with the changes in the fuel injection timing at 2000rpm and 
153.6Nm
8.4.6 2500rpm and 153.6Nm
The result of the optimised output of the thermal variation at 2500rpm and 153.6Nm 
presented in Table 8.6 shows slight similarity to the previous modal point. As 
presented in the previous chapter, three of the thermal variations with the coolant inlet 
temperature at 85°C (2, 4 & 6) showed an increase in both the BSFC and BSNOx 
output. With the effect of the fuel injection timing factored in, two of the thermal 
variations with the coolant inlet temperature at 85°C (1 & 3) showed a small 
reduction in the BSNOx output with a very minor reduction in the BSFC. Similar to
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the previous modal point, shifting the effect of the fuel injection timing changes 
toward bigger reduction in the BSFC only gives a minute improvement.
With the coolant inlet temperature reduced to 50°C, the thermal variations (7-10) do 
offer much higher reduction in the BSNOx output but with a notable penalty on the 
BSFC. Although this penalty on the BSFC can be reduced with the effect of 
advancing the fuel injection timing, the reduction of the BSNOx output is diminished 
quickly. Though the result shows that there are still margins available in the BSNOx 
output for further advance in the fuel injection timing, the trend in the results suggests 
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1 Low head flow (85°C) 0.136 -0.12 0.33 0.046
2 High head flow (85°C) -0.004 0.40 -0.40 0.004
3 Low block flow (85°C) 0.118 -0.07 0.27 0.064
4 High block flow (85°C) -0.029 0.41 -0.41 0.029
5 Low total engine flow (85°C) -0.032 0.00 0.02 0.045
6 High total engine flow (85°C) -0.013 0.42 -0.42 0.013
7 Base coolant flow (50°C) 0.196 2.02 -1.66 -0.125
8 Low head flow (50°C) 0.203 1.85 -1.49 -0.132
9 Low block flow (50°C) 0.143 1.76 -1.40 -0.072
10 Low total engine flow (50°C) 0.118 0.78 -0.42 -0.048
Table 8.6 The maximum reduction in the BSFC and BSNOx output for various 
thermal conditions with the changes in the fuel injection timing at 2500rpm and 
153.6Nm
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8.4.7 Concluding the effect of the fuel injection timing changes to the 
thermal variations
The addition of the effect of fuel injection timing changes to the effect of thermal 
variations presents the effect of each thermal variation in a different light. By seeking 
the maximum reduction in the BSNOx output or BSFC without causing further 
increase in the opposite variable, the significance of each of the thermal variations can 
be compared against each other. This allows the determination of the optimal thermal 
settings for each operating speed and load point of the engine.
For low engine load modal points, a number of the thermal variations with the coolant 
inlet temperature at 85°C and base coolant flow rate through the oil cooler show a 
small reduction in BSFC or the BSNOx output when the effect of the fuel injection 
timing changes were factored in. The reductions in BSFC are mostly less than 0.5% of 
the baseline value while the reductions in BSNOx can range from 1% to 14% 
depending on the modal point. In most cases, the maximum reduction in BSFC was 
improved by another 0.1-0.3% whilst the maximum reduction in the BSNOx output 
was further stretched by another 0.5-5% when the coolant flow rate through the oil 
cooler is lowered. In contrast, the bulk of the thermal variations with the coolant inlet 
temperature at 50°C show marked reductions in the BSNOx output but incur a small 
penalty on the BSFC in the region of 1-3% of the baseline value. In a number of 
cases, factoring in the effect of the fuel injection timing changes does not completely 
nullify the BSFC penalties though there is still scope for further advances in fuel 
injection timing beyond the 1° maximum imposed during this exercise, suggesting 
that the BSFC penalties could be nullified by utilising more of the reduction in the 
BSNOx output. This trend is modal point dependent as most of the thermal variations 
at 2500rpm and 38.4Nm can lead to reductions in both the BSFC and BSNOx when 
the effect of advancing the fuel injection timing was added. One of them showed 
more than 1% improvement in BSFC with 8.6% improvement over the baseline 
BSNOx output.
For mid engine load modal points, a number of the thermal variations with the coolant 
inlet temperature at 85°C with base coolant flow rate through the oil cooler show an 
increase in both the BSFC and BSNOx output. Most of the remaining thermal
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variations showed a very minor improvement of less than 1% of the baseline value in 
the BSNOx output with a small penalty of 0.1-0.2% on BSFC. The reduction in the 
coolant flow rate through the oil cooler does not cause much change to this trend. 
With the coolant inlet temperature reduced to 50°C, the response of the thermal 
variations appears to be modal point dependent, though it can be generalised that the 
reduction in BSNOx is quite significant for these thermal variations. At 2000rpm, the 
10-15% reduction in the BSNOx output was accompanied by 1-2% increase in the 
BSFC. This penalty on BSFC persists for most of these thermal variations even with 
the effect of advancing of the fuel injection timing factored in, though there is still a 
margin available in BSNOx for further trade off. In contrast, similar thermal 
variations at 2500rpm showed a reduction in both BSFC and the BSNOx output, 
which enabled an improvement of 1.5% in BSFC or 25% improvement in the BSNOx 
output by changing the fuel injection timing.
At high load modal points, the inclusion of the effect of the fuel injection timing 
changes to the thermal variations had a very similar outcome across the engine speed 
range of 2000-2500rpm, differing only in some aspects of the result. About half of the 
thermal variations with the coolant inlet temperature at 85°C showed a small 
improvement in the BSNOx output ranging from 2-3.5% of the baseline value with no 
penalty or very small improvement in BSFC. The rest showed a small increase in the 
BSFC with minor changes in the BSNOx output in either direction. With the coolant 
inlet temperature lowered to 50°C, most of the thermal variations showed a useful 
improvement in the BSNOx ranging from 5-16% output with a notable 0.5-1% 
penalty on BSFC. Most of these thermal variations still incurred a notable penalty on 
BSFC even with the effect of advancing the fuel injection timing factored in as the 
large BSNOx vs. BSFC trade-off ratio at these operating conditions dictates that the 
penalty on the BSNOx output is large for a small improvements in the BSFC, though 
there are still margin the BSNOx output for further trade-off.
In general, the solutions derived show that for each modal point, there are thermal 
variations than can improve the BSFC and the BSNOx output by using the flexibility 
to change the fuel injection timing. Often, the improvement is further stretched with 
higher oil temperature as the coolant flow rate through the oil cooler is reduced,
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although this is not definitive. The net improvement induced by the thermal variations 
in BSFC is often within 1% of the baseline value while the reduction in BSNOx 
output can be up to 25% of the baseline value.
8.5 Selection of the optimum operating settings for the engine
At each modal test point, there is a thermal condition which produces the best 
possible improvement in BSFC and emissions output. The thermal setting that induces 
this thermal condition is deemed the optimal thermal setting for the engine. By 
determining the thermal conditions which result in optimal improvement in BSFC and 
emissions output for each modal test point, the optimum thermal settings across the 
engine speed and load range can be derived. As mentioned in the preceding sections, 
determining the optimal or best possible improvement in multi objective problems is 
often difficult. In practice, a set of rules which defines specific qualities of the optimal 
solution is often used to determine the final solution. For the selection of the optimal 
thermal settings for the engine, the following rules were used and are explained in 
more detail below;
1. The thermal settings produce the highest combined percentage improvement 
in BSFC and BSNOx output.
2. The thermal settings also take into account further optimisation potential 
(further increase in the range of change in the fuel injection timing).
3. The effect of the thermal settings on the performance of the oxidation catalyst 
in treating CO and uHC emissions output also needs to be considered.
Given the nature of the optimisation problem, these rules were formulated to ensure 
that the optimal solution possessed certain qualities. With the ability to trade-off 
between improvement in BSFC and BSNOx output, the first rule was used to 
highlight the maximum improvement achievable at each modal test point. This rule 
favours thermal conditions with large reductions in the BSNOx output as most 
thermal variations had a much larger percentage improvement in the BSNOx output 
than in BSFC and also because of the large percentage change in BSNOx output in 
trade-off with a small percentage change in BSFC. As such, this rule effectively
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singles out thermal conditions with large reductions in BSNOx output as the potential 
optimal thermal operating state.
The second rule was introduced to counteract the bias toward thermal conditions that 
have large reductions in BSNOx output only. As the optimisation process of each 
thermal condition was limited to ±1° change in the fuel injection timing, the 
maximum reduction potential in either BSFC or BSNOx output was not fully 
explored. This rule recognises the potential of thermal conditions with a lesser 
reduction in the BSNOx output to be the optimal solution when the accompanying 
reduction in BSFC is sufficiently high to allow further trade-off in BSFC for higher 
BSNOx reduction with further change in the fuel injection timing. From the preceding 
optimisation exercise, it can be observed that in most cases that require further trade­
off, the change in the fuel injection timing would be in the region of another 1° 
change. From experience, the change in BSNOx with the subsequent fuel injection 
timing change would be a few percent more (when timing is advanced) and less 
(when timing is retarded) for a more or less similar change in BSFC as to the initial 1° 
change in the fuel injection timing. Thus, the evaluation of the trade-off potential of 
the BSFC margin was judiciously based upon the available trade-off ratio of the fuel 
injection timing changes.
The third rule was formed primarily to ensure that the selected optimal setting does 
not concentrate only on the effect on BSFC and BSNOx, but also on the CO and uHC 
output. As the CO and uHC emissions output is only of concern at operating 
conditions in which the oxidation catalyst does not function, this rule is meant to 
ensure that the selected optimal thermal condition does not aggravate the CO and 
uHC emissions at low engine speed and/or load condition, where the exhaust 
temperature is too low for the oxidation catalyst to function.
2000rpm 38.4Nm
At 2000rpm and 38.4Nm, it can read from Table 8.1 that there are only four thermal 
conditions (1, 11, 12 &13) that have reduction in the BSNOx output without any 
penalty on BSFC. While two of these (1 &11) have a slightly higher reduction in the 
BSNOx of up to 4% compared to the best of 2.5% for the other two thermal
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conditions (12 &13), they do not have any margin in the BSFC for further trade-off. 
In contrast, the other two thermal variations (12 & 13) have up to 0.85% gain in 
BSFC that can be traded off for further reduction in the BSNOx output. It can be 
estimated from Table 7.1 that this margin in the BSFC would probably offer another 
5-10% reduction in the BSNOx output when it is fully traded off. Deciding which is 
the optimal thermal setting between these two conditions is somewhat difficult as 
there is very little that separate the two, where one has 1% more reduction in BSNOx 
while the other has 0.2% more reduction BSFC. It is interesting to note that the 
average metal temperature for both thermal conditions is very similar and both require 
low coolant flow rate through the oil cooler. As such, the optimal thermal operating 
condition at this modal point can be either low cylinder head or engine block flow 
with the coolant inlet temperature at 85°C and low flow rate through the oil cooler.
2500rpm 38.4Nm
At 2500rpm and 38.4Nm, Table 8.2 shows that nearly all thermal variations, 
regardless of the coolant inlet temperature, can be optimised within the ±1° change in 
fuel injection timing to achieve a reduction in the BSNOx output without any penalty 
on BSFC. Among the selection of thermal variations with the highest reduction in the 
BSNOx output without any penalty on BSFC, one of the thermal conditions (2) is 
with the coolant inlet temperature at 85°C while the other thermal condition (15) is at 
50°C. Between the two, the thermal variation with the lower coolant inlet temperature 
(15) has a much higher reduction in the BSNOx output at 18.5% without any BSFC 
improvement while the other thermal condition (2) only offers 13.5% reduction in 
BSNOx output with a very minor improvement in BSFC that is estimated to improve 
the BSNOx by another 2.5% at most with further trade-off. Though this would make 
the thermal condition with the lower coolant inlet temperature the better choice, the 
third rule of the selection criteria overturns this outcome as the operation of the 
oxidation catalyst would be affected by the opted thermal variation. The 
approximately 5°C reduction in the pre-catalyst exhaust temperature of the thermal 
variation with the lower coolant inlet temperature is likely to affect the treatment of 
the CO and uHC emissions by the oxidation catalyst as the baseline exhaust 
temperature at this modal point is close to the light-off temperature of the oxidation 
catalyst at 246°C. Thus, the optimal thermal operating condition at this modal point is
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the thermal condition with high cylinder head flow with the coolant inlet temperature 
at 85°C.
2000rpm 76.8Nm
At 2000rpm and 76.8Nm, Table 8.3 shows that there are only two thermal variations 
(4 & 10) with unchanged/improvement in both the BSNOx output and BSFC. It is 
clear that the better of the two thermal variations is the one with 5.4% reductions in 
the BSNOx output and 0.4% reduction in BSFC (10) instead of the one with only 
0.2% improvement in BSFC (4). Consequently, the optimal thermal operating 
condition at this modal point requires low engine flow with the coolant inlet 
temperature at 50°C.
2500rpm 76.8Nm
At 2500rpm and 76.8Nm, Table 8.4 shows that the optimal thermal condition requires 
the coolant inlet temperature to be 50°C as thermal variations with this setting 
achieved up to 25% reduction in the BSNOx output with minor improvement in 
BSFC. Thermal variations with lower coolant flow rate through the oil cooler (12-15) 
perform notably better than those at baseline setting (7-10). Choosing the optimal 
thermal operating setting from these thermal variations (12-15) is straightforward as 
the thermal condition with the largest reduction in the BSNOx output also has the 
largest reduction in BSFC (12). The settings for this thermal variation is baseline 
coolant flow rate through the engine with low flow rate through the oil cooler with the 
coolant inlet temperature at 50°C.
2000rpm 153.6Nm
At 2000rpm and 153.6Nm, selecting the optimal thermal settings from the thermal 
variations presented Table 8.5 is somewhat challenging. The challenge of selecting 
the optimal thermal variation is not in choosing in between the thermal variations that 
have reductions in the BSNOx output without any penalty in BSFC (1, 3, 5 & 10) but 
in estimating the effect of further trade-off in the fuel injection timing for those 
thermal variations with large reductions in BSNOx output but with minor increase in 
BSFC (6-8 & 11-12). Complications arise from the fact that the estimation of the 
effect of further trade-off needs to extend up to 2° crank angle change in fuel injection
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timing. To simplify the process, the best of those thermal variations without any 
penalty is identified to be used as the benchmark. Clearly, the selected thermal 
variation (10) is the one with the largest reduction in BSNOx output at 6.6% without 
any BSFC penalty. From there, using the fuel injection timing trade-off data tabulated 
in Table 7.1, the effect of further trade-off needs to be estimated for the remaining 
contending thermal variations. Assuming that the trade-off ratio for the next 2° 
change in fuel injection timing is the same as the 1° change determined 
experimentally, the remaining contending thermal variations (6-8 & 11-12) would 
have smaller reductions in the BSNOx output than the selected thermal variation (10) 
when their BSFC penalties are fully nullified. Thus, the optimal thermal operating 
settings at this modal point are base coolant flow and inlet temperature with low flow 
rate through the oil cooler.
2500rpm 153.6Nm
At 2000rpm and 153.6Nm, selecting the optimal thermal settings from the thermal 
variations presented Table 8.6 is much more straightforward than the previous modal 
point. This is due to the hefty penalty on the BSNOx output in trade off to nullify 
BSFC penalties at this speed and load. Given such circumstances, those thermal 
variations with large reductions in the BSNOx output with a penalty on BSFC are 
unlikely to be the optimal operating setting. Instead, the choice is the one with the 
largest reduction in BSFC and BSNOx output between two thermal variations (1 & 3) 
with reductions in both parameters. Clearly, the optimal thermal operating settings for 
this modal point are low cylinder head flow with the coolant inlet temperature at 85°C 
(1).
By collating the selected optimal thermal operating settings at each modal point, the 
trend of the optimal operating metal temperature and the resulting effect to BSFC and 
BSNOx output across the evaluated engine and load can be presented in tabular form 
as in Table 8.7. It can be observed that the optimal operating metal temperature of the 
engine varies across the engine speed and load condition. At low engine load 
conditions, the optimum engine outputs is favoured by high coolant inlet temperature 
while at mid engine load, lower coolant inlet temperature is preferred. At high engine 
load conditions, high coolant inlet temperature is again preferred. This results in a
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minimum turning point in the resulting trend of the optimal operating metal 
temperature with increasing engine load across the evaluated engine speed.
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3 8 .4 2 0 0
Low head  flow  
(85°C) 111 2 .7 0 .7
7 6 .8 4 0 0
Low total en g in e  flow  
(50°C ) 103 5 .4 0 .4
153 .6 8 0 0
B a s e  coo lan t flow  
(85°C) 118 6 .6 0 .0
25
00
3 8 .4 2 0 0
High h ead  flow  
(85°C ) 106 1 3 .5 0.1
7 6 .8 4 0 0
B a s e  coolant flow  
(50°C) 90 2 4 .8 0 .4
1 5 3 .6 8 0 0
Low h ead  flow  
(85°C ) 121 5 .6 0.1
Table 8.7 The thermal settings, average metal temperature and percentage
reduction in BSFC and BSNOx of the optimal thermal operating settings at each 
modal point
The fact that the optimum operating temperature varies across the engine speed/load 
range, particularly when such variations are abrupt, is undesirable because it implies 
the need for a rapid change in metal temperature with the change in engine speed and 
load. This necessitates the engine cooling system to be highly responsive to the 
change in engine speed and/or load. As the dynamics of the engine cooling system are 
a lot slower than the change in engine speed and load, particular when lower 
temperatures are required, such thermal settings/strategy are deemed impractical with 
the current setup of the engine cooling system. In practice, engineers would choose 
thermal settings that require as little change in coolant temperature and flow regime as 
possible across the engine speed and load range as this would lower the power 
consumption of the engine cooling system itself and hence lower the BSFC and 
emissions output.
However, in order to harness the potential and benefit of operating at the optimal 
metal temperature, the engine cooling system has to be engineered around some of the
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potential problems. It has to be mentioned that compromises in the optimal thermal 
settings in cases where there are sharp changes in the required metal temperature can 
actually be beneficial as this prevents the engine cooling system from expending a 
larger amount of energy to achieve the required operating temperature than the saving 
induced by operating at a particular condition. As such, at 2000rpm and 76.8Nm, the 
opted thermal settings at this modal point should be high engine block flow with the 
coolant inlet temperature at 85°C. While these thermal settings offer lesser 
improvement in BSFC and BSNOx output, the resulting metal temperature of this 
thermal variation is at 114°C, which fits in nicely in between the lower and upper 
temperature range of 111 °C and 118°C with increasing engine load at this speed. In a 
similar fashion, the baseline settings is used at 2500rpm and 76.8Nm to induce the 
113°C in metal temperature to fit in between the 106°C and 121°C temperature range 
with increasing engine load at this speed. This difference in the required operating 
temperature in the optimised and compromised setting is shown in Figure 8.7. As the 
result of using a compromised setting, the improvement in the BSFC and BSNOx 
output is significantly reduced as in Table 8.8, where the BSNOx reduction are 
negligible at the mid load modal points when compared to those in Table 8.7.
Modal point
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3 8 .4 2 0 0
Low head flow 
(85°C) 111 2 .7 0 .7
7 6 .8 4 0 0
High en g in e  
block flow (85°C ) 114 0 .6 0 .0
1 5 3 .6 8 0 0
Base coolant flow 
(85°C) 118 6 .6 0 .0
25
00
3 8 .4 2 0 0
High h ead  flow  
(85°C ) 106 13 .5 0.1
7 6 .8 4 0 0 Baseline (85°C) 113 0 .0 0 .0
1 5 3 .6 8 0 0
Low h ead  flow  
(85°C ) 121 5 .6 0.1
Table 8.8 The thermal settings, average metal temperature and percentage




To fully gauge the gains offered by the thermal variations, the test results were 
optimised within the flexibility offered by the fuel injection timing. The optimisation 
applied is based on superimposing the effects of both the thermal variation and the 
fuel injection timing changes to produce the desired optimised solution with reduction 
in both BSFC and BSNOx output. For thermal conditions with reduced BSNOx 
output, the outputs are optimised by integrating the effect of advancing fuel injection 
timing while, for thermal conditions with lowered BSFC, the outputs are optimised by 
integrating the effect of retarding fuel injection timing. The addition of the effect of 
the fuel injection timing changes to the thermal variations leads to unique outcomes 
depending upon the modal point. In most cases, the coolant inlet temperature is a key 
variable as it strongly affects the balance of the BSFC and BSNOx output.
For modal points with low engine load, a number of thermal variations with base 
coolant inlet temperature offer a small improvement in BSFC of less than 0.5% or 1- 
14% improvement in the BSNOx output. The improvement in either BSFC was 
further stretched by 0.1-0.3% or BSNOx was stretched by 0.5-5% with the reduction 
in the coolant flow rate through the oil cooler. With the reduction in the coolant inlet 
temperature, thermal variations at 2000rpm incur a few percent penalty on BSFC 
though the improvement in BSNOx has yet to be fully traded off. In contrast, most 
similar thermal variations at 2500rpm show that they can be optimised to achieve 
improvements in both BSFC and BSNOx output. At mid load modal points, most 
thermal variations with baseline coolant inlet temperature incur a penalty on both 
BSFC and BSNOx output. Thermal variations at lowered coolant inlet temperature 
fare better as a number of them showed a big margin of improvement in BSNOx of up 
to 25% even though some incur a small BSFC penalty. At high engine load, BSFC 
penalties resulting from low coolant inlet temperature are difficult to overcome, 
leaving a small portion of thermal variations at baseline coolant inlet temperature with 
only a minor improvement in BSNOx output.
In general, the addition of the effect of the fuel injection timing changes can enable 
some thermal variations at each modal point to achieve an improvement in both BSFC 
and BSNOx output. The resulting improvements in BSFC are often less than 1% of
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the baseline values while the reduction in the BSNOx output ranges up to 25%. From 
those thermal variations which offer improvement in both BSFC and BSNOx output 
at each modal point, there will be a particular thermal variation which offers the best 
possible effect on the engine performance. A number of criteria were used to select 
the optimal thermal operating settings for each modal point, with the bias toward 
solutions with large reductions in the BSNOx output. The selected optimal thermal 
operating setting offers up to 0.7% improvement in BSFC with 2.7-24.8% reduction 
in the BSNOx output. There is an unusual feature in the optimal operating metal 
temperature with increasing engine load across the evaluated engine speed where 
there is a minimum turning point at mid load conditions. The feature is highly 
undesirable as it necessitates the engine cooling system to be highly responsive to the 
engine and load changes. As the engine cooling system might expend more energy to 
achieve such rapid changes in metal temperature than the potential improvement 
offered by operating at such condition, a compromised optimal thermal setting was 
selected to minimise the required coolant temperature and flow regimes with engine 
speed and load changes.
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Change in brake specific NOx output (g/kWhr)
Change in 
thermal setting
Change in brake 
specific fuel 
consumption (g/kWhr)
Change in fuel 
injection timing
Figure 8.1 The principle of superposition applied to engine optimisation - The
effect of two changes in fuel injection timing from nominal settings are indicated by 
the red arrows. This is combined by superposition with the effect due to a range of 
thermal variations (black dots). The combined effect of thermal and timing variations 
is shown by the dotted blue arrows.
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Figure 8.2 The net effect of the combined change in settings when the trade-off 
ratio with the change in the settings of engine control parameter is lower than 
the trade-off ratio of the thermal condition for conditions where BSFC is 
increased and NOx is reduced.
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Figure 8.3 The net effect of the combined change in settings when the trade-off 
ratio with the change in the settings of engine control parameter is higher than 
the trade-off ratio of the thermal condition for conditions where BSFC is 
increased and NOx is reduced.
Change in brake specific NOx output (g/kWhr)
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Figure 8.4 The net effect of the combined change in settings when the trade-off 
ratio with the change in the settings of engine control parameter is higher than 
the trade-off ratio of the thermal condition for conditions where NOx is 
increased and SFC is reduced.
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Figure 8.5 The net effect of the combined change in settings when the trade-off 
ratio with the change in the settings of engine control parameter is lower than 
the trade-off ratio of the thermal condition for conditions where NOx is 
increased and SFC is reduced.
Change in brake specific NOx output (g/kWhr)
Change in brake 
specific fuel
Change in fuel 
injection timing
Figure 8.6 The effect of optimised changes in fuel injection timing applied to the 
thermal variations -  red points are unmodified as they are already considered 
optimum. Blue points are adjusted such that the deficit in one output is minimised, 
leaving a net gain in the other output. Green points may be adjusted in either direction 


































Figure 8.7 The required operating metal temperature with increasing engine 
load for optimal and compromised settings
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9 Conclusion and future work
9.1 Conclusion
An investigation into the potential for improving the performance of light duty Diesel 
engines through improved thermal management has been conducted. In chapter 2, a 
survey into previous work in a similar area reveals two commonly used approaches 
which are, raising the operating temperature of the engine and improving the coolant 
flow regime inside the engine. Both approaches are designed to lower the engine fuel 
consumption and emissions output through engine thermal management changes. 
While increasing the operating temperature of the engine has yielded impressive 
improvements to the fuel consumption and emissions output of gasoline engines, such 
an approach would have a critical effect on the NOx emissions in Diesel engines. As 
the emissions of NOx have always been a critical issue for the Diesel engine, the 
approach used in this investigation differs by aiming to counter this problem directly. 
Published literature has indicated that emissions of NOx in the Diesel engine can be 
reduced by lowering the operating temperature of the engine. Such an approach was 
not considered widely previously as lower operating temperature adversely affects the 
fuel efficiency of the engine. It could be successful if  it is implemented in conjunction 
with features that can influence the engine frictional losses such as a split cooling 
system and lubrication oil temperature control. The thoughts and analysis which led to 
the selection of these features are presented in Chapter 3.
Given the nature of the features investigated, it was decided that it would be best 
studied experimentally. The description of the test engine and facilities used in the 
experimental investigation are presented in Chapter 4. A EURO 3 compliant high 
speed DI Diesel engine was modified for this purpose. The engine was modified to 
feature a split cooling arrangement where the cylinder head and engine block were 
cooled by independent cooling circuits. The external engine cooling circuit was 
altered to match the changes made to the engine. As an element of flexibility was 
needed for the experimental study, the engine cooling system was fitted with 
controllable elements such as electrical coolant pumps and flow control valves. In 
addition to the changes made to the engine cooling system, the engine itself was
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extensively instrumented to monitor various operating parameters such as gas and 
metal temperature, gas pressures and etc. The modified engine was installed in an 
engine test cell with extensive control and monitoring capabilities including the 
measurement of fuel consumption and various gas emissions.
To evaluate the selected thermal management features, a series of tests were 
conducted at nine different modal test points which were representative of everyday 
driving conditions. The effect of lower operating temperature and variable cooling in 
each section of the engine is presented in Chapter 5 along with the baseline test 
results. At each modal test point, reference conditions were defined for the baseline 
test point, forming the baseline result against which later tests were compared. With 
the baseline coolant inlet temperature at 85°C, the effect of lowering the coolant inlet 
temperature was investigated running a series of tests with the coolant inlet 
temperature set to 50°C. Although there was a 35°C drop in the coolant inlet 
temperature, the metal temperature was only reduced by 20°C and the lubricating oil 
temperature by 14°C on average. It also caused a 1.5% drop in the mass air flow rate 
with up to a 7% drop in manifold inlet pressure at a few modal points. Even with such 
changes, the BSFC was only increased by 1.1% on average, in contrast to the large 
changes reported in previous studies. A reduction in BSFC for two of the nine modal 
points hinted at the possibility of an improvement in the combustion characteristics 
with the lower operating temperature.
The reduction in metal temperature, manifold pressure and mass air flow rate lead to a 
reduction in the NOx concentration which lowered the BSNOx output by an average 
of 13%. The reduction in the NOx concentration is supported by an increase in CO2 
output but reduction in the O2 output. The BSCO output was increased by an average 
of 16%, but the effect was load dependant, rising to 30% for some high load points. 
The BSuHC output followed a similar trend although there was an exception for two 
high load points where it was actually lower than the baseline measurement. This 
could be due to more rapid combustion rate which breaks down more HC molecules 
or, less HC vapour from the lubrication oil with the reduction of the coolant inlet 
temperature.
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With the results from the base and low coolant inlet temperature tests as a guideline to 
the general effect of metal temperature changes, the effect of split cooling was 
evaluated by varying the coolant flow rate through the cylinder head and the engine 
block independently as well as in tandem, with the coolant inlet temperature at 85°C, 
to induce approximately 5°C changes in the metal temperature in both directions. The 
result for the independent variance of the coolant flow rate in either the cylinder head 
or the engine block were mostly irregular and did not follow any regular trend across 
the different modal points. The irregularity of these test results is caused by the 
inability of such small changes in metal temperature to have a strong effect on 
mechanisms which influences BSFC and BSNOx output. In these tests, the change in 
the BSFC is mostly within 0.5% while the change in the brake specific NOx output is 
within 4% of the baseline value.
The irregularity in the response of the BSFC and BSNOx output is likely to be caused 
by the slight variations in the combustion process which were indicated by the change 
in MAP and MAF, coupled with small changes in the engine frictional losses as the 
metal temperatures varied with the coolant flow rate. The change in the BSCO output 
was regular for some of the modal points, with reductions of up to 5% with increased 
metal temperature. Conversely, BSuHC output was highly irregular in nature with 
changes varying from -7 to +12%. With the tandem change in the coolant flow rate 
through the cylinder and engine block, the trend of the BSFC and BSNOx were more 
regular from one modal point to another and their percentage changes were similar to 
those in independent flow variation tests. BSFC was increased with the increase in the 
coolant flow rate through the engine and vice versa while the BSNOx output changed 
in the opposite manner to the BSFC, following the well known inverse relationship 
between the two parameters. The regularity in the trend of the BSFC and BSNOx may 
due to the fact that the metal temperature change was doubled in these tests compared 
to those of independent flow variation, which resulted in a more definitive effect on 
the engine frictional losses and gas dynamics. The regularity in the engine response 
was confirmed by the trend of the CO output which rose with increasing coolant flow 
rate.
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As the earlier test results had shown a notable BSFC increase with lower coolant inlet 
temperature, the evaluation of the combined effect of lower operating temperature and 
variable coolant flow in each section of the engine presented in Chapter 6 was focused 
on test conditions with lower flow rates to counter such effects. The response of the 
BSFC and BSNOx output was shown to have a greater reaction to changes in coolant 
flow rate when the coolant inlet temperature was at 50°C than those observed with 
baseline coolant inlet temperature. These results also confirm the reduction of BSFC 
with the reduction in the coolant inlet temperature observed at only two modal test 
points. This is in contrast to the general trend of increasing BSFC with lower 
operating temperature. These anomalous results hint at a potential correlation between 
the change in both BSFC and BSNOx emissions output to metal temperature changes.
A series of surface response plots for BSFC and the various brake specific emissions 
outputs created using the combined data from the different series of tests shows that 
the BSFC and BSNOx output changed in a gradual and linear manner with the change 
in the cylinder head and/or engine block metal temperature. These plots indicate that 
the influence of the engine block metal temperature to BSFC and BSNOx output was 
greater with increasing engine load. As most of the plots show a gradual and linear 
response in the engine outputs with metal temperature changes, the presence of sharp 
contours and irregular patches observed in some of the plots could be due to 
experimental or measurement error. In contrast, the surface response plots for BSCO 
and BSuHC outputs did not follow any regular trend across the modal points.
The evaluation of the effect of the change in coolant flow rate through the oil cooler 
was conducted in a similar fashion to the split cooling arrangement. The test results 
show that BSFC increased while the BSNOx reduced with decreasing lubrication oil 
temperature. In these tests, the change in BSFC was within 0.5% while BSNOx output 
change was within 3%, very similar in magnitude to the effect of the split cooling 
system. It was found that the change in the BSFC in these tests was greater with the 
reduction in the coolant inlet temperature, which was due to the larger range of 
change in the lubricant oil temperature. The differing changes in BSFC observed in 
the test results for various coolant flow settings through the engine with base and 
reduced coolant flow rate through the oil cooler suggests that the effect of changes in
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lubricant oil temperature on the engine frictional losses were dependent on metal 
temperature. In contrast, the change in BSNOx was not influenced by metal 
temperature but instead reacted to the change in gas dynamics properties such as 
MAP and MAF, where the BSNOx output is increased with the increase in both 
parameters. The change in these properties with the change in the coolant flow rate 
through the oil cooler is attributed to the change in the turbocharger performance as 
the temperature of the lubricant oil which lubricates its bearings changes.
As each of these thermal test points required a long period of time to reach a stable 
state before data was logged, the statistical error for each test condition cannot be 
feasibly assessed with large number of repeats. Instead, the experimental errors of the 
tests for each modal point were evaluated on the basis of mean error derived from 
repeat tests for several randomly selected test conditions. The BSFC mean error range 
from 0.02-0.09% of the baseline value while it ranges from 0.03-0.22% for the 
BSNOx measurement. For the bulk of the test results, the change in the BSFC and 
BSNOx output was larger than the mean error terms, with the change in BSFC 
ranging up to 0.8% and BSNOx output up to 17%, thus validating most of the results. 
The errors were more significant at low engine speed or load conditions, where they 
were sufficient to invalidate some of the results at these modal points. The issues 
related to the consistency and accuracy of the test results was unavoidable due to 
limitations in some of the actuators and measuring devices.
Within the experimental test results there were a small number of conditions which 
were highly desirable, with improvements in both BSFC and BSNOx output. 
Conversely there was also a small number which were undesirable, with deterioration 
in both parameters. For the remaining bulk of the thermal variations tested, the output 
parameters of are of varying magnitudes in opposing directions, making it difficult to 
quantify the significance of the effect induced. These test results were evaluated in 
Chapter 7 by comparing them against the effect of conventional engine control 
parameters such as fuel injection timing and EGR ratio. The comparison was based on 
the BSNOx against BSFC trade-off ratio using a cost-benefit rule. The setting with the 
higher benefit per unit of cost was deemed superior. To establish the benchmark for 
the comparison, the effects of fuel injection timing and EGR ratio changes were 
evaluated experimentally. Due to the subjective limit on the maximum EGR valve
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opening and the strong effect of its changes, the benchmarking measure chosen was 
fuel injection timing changes. For cases where thermal changes that resulted in 
reduced BSNOx output but increased BSFC, the benchmarking measure was the 
effect of retarding the fuel injection timing while the effect of advancing the fuel 
injection timing is used when the changes in the output parameters are reversed.
At 2000rpm and 38.4Nm, the thermal variations with baseline coolant inlet 
temperature were more effective than fuel injection timing changes in the case of 
reduced BSFC but increased BSNOx. The opposite is true when the coolant inlet 
temperature is lowered. The comparison at 2500rpm and 38.4Nm yielded similar 
results except for a few conditions with low coolant inlet temperature performing 
better than the benchmark. The circumstances were reversed at 2000rpm and 76.8Nm 
where only a few thermal variations with low coolant inlet temperature fared better 
than the benchmark. At 2500rpm and 76.8Nm, the results were clear cut with most 
thermal variations at baseline coolant inlet temperature increasing both BSFC and 
BSNOx while the changes were reversed with low coolant inlet temperature. As the 
benchmarking trade-off ratio becomes steeper at higher load conditions, only one or 
two test conditions at baseline coolant inlet temperature were better than the 
benchmark at high load condition for both 2000rpm and 2500rpm. These results show 
that thermal variations had a better trade-off characteristic than fuel injection timing 
changes at low load modal points but that this was untrue at high load points, 
implying higher improvement potential at low load conditions. The reduction in the 
coolant flow rate through the oil cooler often improves the trade-off characteristics of 
a thermal variation but did not definitively better the benchmarking measure.
Although the comparison of the trade-off ratio has highlighted thermal variations that 
are superior to the benchmarking measure, often these settings cannot be applied 
directly as there are limitations imposed on the BSFC and emissions output at each 
modal points. As such, the improvement potential of each thermal variation was 
reassessed in Chapter 8 by optimising the result of each test condition within the 
flexibility offered by the fuel injection timing changes. The optimisation approach 
was based on the superposition principles, by integrating the effect of both the thermal 
variations and the fuel injection timing changes. The aim of the exercise was to 
produce an optimised solution with reductions in both output parameters. The addition
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of the effect of the fuel injection timing leads to a unique outcome varying with modal 
point. For low engine load modal points, a number of thermal variations with base 
coolant inlet temperature offered up to 0.5% improvement in BSFC or 1-14% 
improvement in BSNOx output which were further stretched by 0.1-0.3% for BSFC 
and 0.5-5% for BSNOx output by lowering the coolant flow rate through the oil 
cooler. With the reduction in the coolant inlet temperature the results were modal 
point dependent, as thermal variations at 2000rpm incurred a few percent penalty on 
BSFC while those at 2500rpm could be optimised to give improvements in both 
parameters. At mid engine load, the bulk of thermal variations with baseline coolant 
inlet temperature incurred a penalty on both BSFC and BSNOx output while thermal 
variation with lowered coolant inlet temperature showed up to 25% reduction in the 
BSNOx output even though some incurred a small BSFC penalty. As the BSFC 
penalty resulting from low coolant inlet temperature at high engine load modal points 
was difficult to overcome given the steep trade-off ratio for the timing changes, only a 
few thermal variations at baselines coolant inlet temperature led to a minor 
improvement in the BSNOx output.
The results show that the addition of the effect of the fuel injection timing changes 
can enable a number of thermal variations at each modal point to achieve 
improvement in both BSFC and BSNOx output. They also show that the coolant inlet 
temperature is a key variable affecting the balance of the BSFC and BSNOx output, 
determining the viability of a particular setting. In general, the BSFC improvement is 
often within 1% while the reduction in the BSNOx output can be up to 25% after 
optimisation. Given that there are thermal variations that can be optimised to achieve 
improvements in both parameters, the optimal thermal settings across the engine 
speed and load range can be selected from these. A few rules were used to select this 
optimal setting, which favoured thermal variation with high reduction in the BSNOx 
output. The chosen thermal settings offered up to 0.7% improvement in BSFC with 
2.7-24.8% reduction in BSNOx output across the evaluated engine speed and load 
range. However, there is an unusual characteristic in the trend of the optimal 
operating metal temperature with increasing engine load across the evaluated engine 
speed range, where there is a minimum turning point at mid engine load. This feature 
is highly undesirable in practice as it requires the engine cooling system to be highly 
responsive to the engine and load changes. As the engine cooling system would
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expend more energy to change the metal temperature in such fashion than the 
potential improvement offered by operating at such condition, thermal settings that 
requires lesser change in coolant temperature and flow regimes with engine speed and 
load changes were selected instead. Thus, this study does met its aims of improving 
the fuel efficiency and emissions output of light duty Diesel engines through 
improvements in engine thermal management and, enhancing these gains through 
synergies with the engine controls.
In summary, this investigation reveals that small changes in the metal temperature of 
either the cylinder head or engine block do not definitively have a particular effect on 
BSFC or emissions output of a Diesel engine. This extends to changes in either 
coolant inlet temperature or flow rate. In some instances, variation in the thermal 
settings directly caused an increase in BSFC and emissions output without any 
optimisation potential. Even with the reduction in the coolant flow rate through the oil 
cooler, the improvement in the BSFC did not always outweigh the penalty on the 
BSNOx output. The changes in the thermal settings often cause opposing changes in 
the BSFC and BSNOx output and thus requires adjustments in the conventional 
engine control parameters to evaluate whether the change lead to a net gain. As it is 
often difficult to judge whether a particular thermal settings would improve engine 
performance, the performance of the engine should be mapped and calibrated against 
the metal temperatures of the engine to avoid operating at unfavourable conditions 
which increases the engine fuel consumption and emissions output. To do this, a 
controllable engine cooling system with its controls integrated into the engine 
management need be introduced to ensure that the engine is operating at its optimal 
operating temperature at all times. However, the selection of the optimal operating 
temperature across the engine speed and load range should avoid sharp turning points 
in order to avoid excessive power consumption within the engine cooling system.
9.2 Future work
Following the findings of this study, there are numerous directions in which the 
research can be further progressed. The following are some proposals for further 
studies;
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1. Further investigation into the effect of the metal temperatures of the engine on 
the combustion process to establish the reason for the reduction in BSFC even 
when lubrication oil temperature is much lower with lower coolant inlet 
temperature, as observed in two of the modal test points.
2. Investigate the transient aspect of the engine cooling system, as in the required 
metal temperature set point during thermal transients during engine warm up 
as well as movement from one operating engine speed and load condition to 
another.
3. Evaluate optimal thermal settings that allow natural changes in the optimum 
temperature set point across the engine speed Mid load range. The metal 
temperature of the engine typically increases with engine speed and load as the 
amount of fuel injected is increased even though the level of cooling applied is 
increased in tandem with these changes. A natural change in the optimal 
operating temperature denotes a progressive change in the required operating 
temperature in a single direction with no or insignificant turning point. Such a 
characteristic in the optimal operating temperature set point is desired as it 
avoids the need for rapid response in the engine cooling system.
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Appendix
Test procedures including test rig cell preparation and start up procedures
1. Check the filters of the emissions gas analysers and switch on the analyser to 
warm up for an hour before the start of the experiments. When the analysers 
are warmed up, perform the calibration procedure for each gas analysers and 
record the analysers reading for the span gas.
2. Check power to the heated sampling line of the gas analysers to ensure that it 
is switched on.
3. Check and clean any coolant leaks on the engine and rig. Top up the coolant in 
the cooling system through the degas bottle if coolant level is low.
4. Check the lube oil level and top up oil if necessary.
5. Run general check on the test rig and test cell for loose connections, leaks and 
other general faults.
6. Power up all coolant pumps and flowmeters before running step demand on 
individual pump to check for consistency in response of the pump and the 
corresponding flowmeter.
7. Physically nudge the dynamometer’s flywheel to make sure that the flywheel 
and the drive shaft are smoothly revolving when the clutch is engaged.
8. Check torque transducer output and calibrate sensor reading when the 
driveshaft is stationary.
9. Switch on the test cell cooling water supply and compressed air supply. (Note: 
compressed air is used to actuate a number of flow control valves used in the 
test cell to regulate the cooling water supply to the various heat exchanger 
which are connected to the engine cooling system, intercooler and fuel cooler.)
10. Start the test cell control software and check the reading from all sensors to 
ensure that it is giving sensible reading. In the case of thermocouples, the 
reading should be the same or similar if  the engine has been left standing 
overnight. For pressure transducers, they should all gives 0 kPa reading.
11. Switch on the exhaust gas extraction and the test cell air circulation.
12. Power up the main and boost pump of the hydraulic dynamometer.
13. Start the engine and check all system and sensors is running. Make sure that 
all coolant pumps are running and that there is coolant flow through the engine 
by observing the flowmeters readings.
14. Initiate the connection of the calibration computer to the engine control unit 
(ECU). Check the ECU readings to ensure that there are no error message that 
indicate possible fault in the engine system.
15. Initiate the host coupling system which allows the test cell host computer to 
link up to the calibration computer. This allows the test cell host computer to 
receive and store ECU readings on a real time basis and also allows 
commands to be sent to the ECU such as change of injection timing or EGR 
valve position.
16. Start the main and boost pump of the hydraulic dynamometer through the test 
cell host computer and allow the fluid pressure to build up to the preset 
pressure.
17. Change both engine and dynamometer controls to speed control mode on the 
test cell computer.
18. Slowly ramp up the flywheel speed to the speed setting which corresponds to 
1000 rpm on the engine side, (approx 263 rpm)
19. Ramp engine speed up to 1000 rpm through the test cell control panel.
20. Initial the ramp of the clutch disengagement over 5 seconds using the test cell 
control. Once the clutch is fully disengaged, switch dynamometer control to 
load control mode.
21. Set the post intercooler temperature set point to 40°C on the test cell control.
22. Ramp the engine speed and load to the desired steady state test point and 
implement the reference point settings while the engine warms up.
23. Lock the settings for the start of fuel injection timing and EGR valve position 
on the calibration computer to avoid variation in the test result
24. Check all relevant parameters to ensure that all the stability criterions are met 
when the engine is fully warmed up, as the output data is automatically logged 
by the test cell computer.
25. Adjust the setting of the cell coolant control valve or the coolant pumps 
according to die test condition required as wait for the engine to reach stable 
condition before moving to the next test condition.
